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ABSTRACT
WC1 AND TCR INTERACTIONS FOR GAMMA DELTA T CELL ACTIVATION
FEBRUARY 2022
ALEXANDRIA GILLESPIE, B.S., UNIVERSITY OF MASSACHUSETTS AMHERST
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Cynthia L. Bladwin
Major subpopulations of δγ T cells within ruminant and pigs are defined by expression of
WC1, a hybrid pattern recognition receptor/co-receptor to the T cell receptor (TCR). It is
known that when WC1 is knocked down cells fail to respond. Showing that WC1 plays an
active role in the stimulation of bovine δγ T cells. Here we explored the spatio-temporal
dynamics of WC1 and TCR interaction using imaging flow cytometry and stochastic optical
reconstruction microscopy. We found that in quiescent δγ T cells both WC1 and TCR
existed in separate protein domains (protein islands) but after activation using Leptospira,
our model system, that they concatenated. In cattle, WC1+ δγ T cells have been shown to use
TCRγ genes from only one of the six available cassettes (TRGC5). We postulated that this
structure may be necessary to interact with WC1 for signal transduction. If correct, other
species should have the same restriction of their T cell receptor (TCR) gene usage by their
WC1+ cells. When evaluated by RT-PCR and PacBio sequencing we found that caprine WC1
+
δγ T cells exhibited the same restriction as found in cattle while porcine WC1+ δγ T cells
used all TCRγ C genes, although they preferentially expressed TCR chains from their
TRGC5 homologue cassette. Next, we addressed WC1 and TCR roles of determining antigen
specificity. One model is that co-ligation of WC1 and the δγ TCR by antigen increases a low
affinity δγ TCR-antigen interaction. In this paradigm, WC1 is the main determining element
regarding pathogen recognition. If correct, we predict the TCR CDR3 sequences in the
responding δγ T cells to be relatively unrestricted. The alternative model is that δγ T cells
that respond to a pathogen have a TCR with higher affinity to antigen and thus would be
restricted while TCR expressed on cell that do not respond would be polyclonal. To test these
models, we performed next generation sequencing of sorted antigen-responding and nonresponding WC1+ δγ T cells. As baseline data, populations of responding and nonresponding
WC1+ δγ T cells were also evaluated for their overall transcriptome differences using RNASeq.
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CHAPTER 1
LITERATURE REVIEW

1.1 Overview

Agricultural animals such as cattle play a large role in the economic systems around
the world. This is especially true in developing countries where these animals are used as a
source of food and currency, contributing to human nutritional requirements to ensure both
physical and cognitive development[1-3]. In order to sustain agriculture and human health in
developing countries, these animals must be protected against pathogens that are detrimental
to their overall health. Vaccines are useful in preventing disease but are generally are
designed to induce the highly specific interaction of antibody and antigen. Pathogens are able
to mutate to evade the immune response elicited by vaccines although less frequently than
occurs with pharmaceuticals [4]. Including cellular responses as targets for vaccine
development may help overcome this limitation as has been suggested for new vaccines
against influenza [5]. Moreover, for other infectious diseases such as Brucella [6] and
Mycobacterium, cellular responses are imperative. Vaccines that target cellular responses as
well as antibody production could potentially result in stimulation of both the innate and
adaptive arms of the immune system through mechanisms such as IFNγ production from
CD4 and CD8 T cells that activates macrophages. This would include mechanisms of
protection mediated by antibodies as well as those that rely on T cell functions such as
cytokines and cytotoxicity.
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In order to understand how to stimulate all arms of the immune system we first have
to understand how these systems interact with one another and with the pathogens. This
includes cells in what is referred to as the bridging immune system. Within the bridging
immune system, cells are activated by mechanisms common to both the adaptive and innate
arms of the immune system, including for γδ T cells, (Figure 1.1) and they display functions
common to both. The goal of this study is to investigate how cells of the bridging immune
system, specifically  T cells, are activated by pathogens to provide information that will
contribute to the design of vaccines that can elicit their response. While laboratory mice are
most commonly used as models for human immune systems, other animal models are also
valuable for contributing to our overall understanding.
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Figure 1.1

Figure 1. 1 Categories of innate and adaptive lymphocytes and the intermediate populations
of nonconventional T cells.
𝛾𝛿 T cells fall into the innate-like nonconventional lymphocytes. Modified from: Baldwin et.
Al. “Special features of 𝛾𝛿 T cells in Ruminants” Molecular immunology 134:161-169,
2021.
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1.2 Adaptive and innate functions and development of γδ T cells

The immune system can largely be broken down into 3 main compartments. The
innate immune system comprises cells such as neutrophils and macrophages which are first
responders to the sites of infection and inflammation. The adaptive immune system
comprises  T cells and B cells that have the potential for memory responses; while they
have been the targets of vaccines these cells are slower to respond. Finally, the bridging
immune system that contains cells such as NKT cells and γδ T cells, the latter being the focus
of this dissertation. The bridging cells have functions that are characteristic of both the
adaptive immune system, such as the expression of a T cell receptor (TCR) for antigen
specificity and the potential to elicit memory responses against pathogens, and of the innate
immune systems including responses that are more rapid than those of  T cells [7-10].

γδ T cells found in the periphery, like many cells of the immune system, are not a
homogenous population and are instead made up of many subsets [11]. In mice, γδ T cells
can be pre-programmed in the thymus to have different innate functions, i.e., to be either
IFNγ or IL-17 producers. The latter are defined by expression of CD27. A third population is
considered to have more adaptive capability in the periphery like  T cells responding to
environmental cues to differentiate into different types of effector cells [12] (Figure 1.2). The
pre-programming of some populations of  T cells in the thymus allows γδ T cells to be first
responders while the subset that differentiates upon activation in the periphery with the
potential to have memory is also retained [13]. Once activated, effector γδ T cells have been

4

shown to produce cytokines that can attract and activate macrophages (i.e., IFNγ) and
neutrophils (i.e., IL-17), and influence CD4 T cells [14] (Figure 1.3 ). Thus, activated γδ T
cells can directly be compared to the effector T helper (Th) subsets of CD4 T cells (Th1,
Th2, Th17) but are called instead Tγδ1, Tγδ2, Tγδ17, etc. [11]. γδ T cell subsets classified
this way share transcription factors with their CD4 T cell subset counterparts for direction.

5

Figure 1.2

Figure 1.2 Scheme proposed for development of 3 distinct murine populations of 𝛾𝛿 T cells
based on CD27 expression.
The preprogrammed populations and a third adaptive population that acquires effector
function in the periphery and can generate memory populations. While ab T cells are
distinguished as being pre-cytotoxic CD8+ T cells the CD4+ T cells differentiate in the
periphery into a variety of functional populations. The CD4+ T cell effector subpopulations
are largely distinguished by the cytokine production. Modified from: Baldwin et. Al.
“Special features of 𝛾𝛿 T cells in Ruminants” Molecular immunology 134:161-169, 2021.
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Figure 1. 3 Functions of 𝛾𝛿 T cells and how they activate Innate immune cells and CD4 T
cells through cytokines.
From: Baldwin et. al. “γδ T cells in livestock: Responses to pathogens and vaccine potential“
Transboundary and emerging diseases 67 suppl 2:119-128, 2019.
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Not only do γδ T cells have similar functions to CD4 T cells they also have been
shown to be cytotoxic like NK or CD8 T cells. As a result, they have been implicated in
antitumor activity [15, 16]. γδ T cells are able to perform these functions through the
expression of perforin, granzyme, and granulysin [15, 17]. γδ T cells also have attributes
similar to innate immune cells. Unlike  T cells, γδ T cells can phagocytose particles such
as bacteria and malaria-infected red blood cells [18, 19]. γδ T cells are also antigen
presenting cells and, similar to dendritic cells, have been shown to prime both CD4 and CD8
 T cells after activation by microbes [20, 21].

It has long been known that expression of the TCR γ chain variable (V) genes
coincides with developmental timepoints that leads to selective migration of specific Vγexpressing γδ T cells to different tissues in mice [22]. However, the γδ T cell thymic
commitment is influenced by other factors such as Skint-1 which in mice is associated with
the development of Vγ5+/Vδ1+ dendritic epidermal T cells (DETCs) and their derivation as
Tγδ17 cells [23, 24]. In humans, γδ T cell subsets are largely distinguished by their TCRδ
gene expression in that depending on which TCR gene is expressed the γδ T cells have
different functions [25]. γδ T cells that express Vδ1 are mostly found in the thymus and
tissues other than blood and have been shown to recognize stress related antigens [26]. In
contrast, Vγ9+/Vδ2+ T cells in humans make up the majority of circulating γδ T cells in the
blood and play a role in homeostasis and expand in the presence of a multitude of infections
[10]. Both subsets in humans are capable of cytotoxic functions and have been implicated in
anti-tumor immunity as well as having a role in viral and bacterial infections [26]. Signaling
lymphocyte activation molecule (SLAM) can also influence subset functional determination
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in the thymus since IL-17 and IFN producing  T cell subsets have been found to have
differential expression of SLAM family molecules [27]. Thus, which SLAM family members
are expressed is thought to determine the functional development of the cells.

1.2.1 Mechanisms to activate γδ T cells

γδ T cells differ from their  T cell counterparts in a number of ways even when
they share functions. First off, they are rapid first responders to the site of an infection and
are activated under unique circumstances. Their ability to be rapid responders is a result of
several characteristics. They can express pattern recognition receptors (PRR) which allow
another mechanism of antigen recognition and can activate the cells independently of the
TCR. This is something that has become apparent with Toll-like receptor signaling of γδ T
cells [28, 29]. γδ T cells are also most commonly found in certain tissues such as the skin
allowing them to be more readily recruited. γδ T cells also differ in how they are activated
which is a potential link as to why they can respond quickly. Activation of γδ T cells can be
influenced by a number of factors including costimulatory molecules, some of which that can
activate γδ T cells independently of TCR, TCR affinity for antigen, and cytokines. The TCR
of γδ T cells does not need to see antigen in the context of self through MHC following the
process of antigenic presentation but can interact more in the manner of the BCR [30].
Finally, they have the potential to see antigens that are not peptides such as lipids which is a
known limitation of the conventional adaptive immune system  T cells [10, 31]. But can
also respond to peptide antigens as well[32].
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Identification of antigens recognized specifically by the γδ TCR is still not vast.
Recognition and activation of γδ T cells can sometimes be carried out by MHC-like
molecules such as CD1d and T22 which have been found to present nonpeptide antigens for
γδ T cell recognition [33, 34]. Some γδ T cells show TCR-dependent signaling through
recognition of self phosphoantigens such as isopyroprenyl phosphate (IPP) produced by
cancer cells or foreign phosphoantigens such as (E)-4-Hydroxy-3-methyl-but-2-enyl
pyrophosphate (HMBPP) produced by parasite or virus-infected cells [32]. Though it is
unclear if TCR is directly contacting phosphoantigens or, more likely, it is being activated by
the assistance of another molecule such as butyrophilin (BTN) or Butyrophilin-like (BTLN)
that can act as phosphoantigen sensors in certain contexts [35]. Certain infections have been
shown to drive clonal expansion of γδ T cells, this suggests that the γδ TCR plays a role in
recognition and subsequent selective cellular activation even if the ligands are yet to be
identified [36].

γδ T cells can express many costimulatory factors including CD27, CD28, and
NKG2D, all of which have downstream effects on γδ T cell activation [25]. Although
unneeded for development in the thymus, CD28 signaling does have a role in enhancing γδ T
cells activation and promoting survival [37, 38]. CD27 co-stimulation affects thymic
development of γδ T cells in mice but has also been shown to give proliferation signals [39].
And one of the ways γδ T cells have been shown to be activated for cytotoxic function is
through NKG2D, a receptor for MICA/MICB molecules expressed by stressed cell, even
though NKG2D is most commonly expressed on NK cells. When either NKG2D or TCR are
blocked with specific antibodies cytotoxic function from Vγ2+/Vδ2+ T cells is reduced [40].
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1.3 Unique aspects of γδ T cell high species

Many mammalian species and birds including ruminants, chickens, and pigs have a
large proportion of γδ T cells [41-43]. Especially at a young age, in cattle up to 60% of their
circulating PBMC are γδ T cells [41, 44]. These species are considered “γδ high species”.
The “γδ low species” include mice and humans that instead have a proportion of  T cells
closer to 1% in their PBMC. However, the proportion in humans and mice is much higher if
you consider γδ T cells in other tissues and has been estimated to be almost 50% of all T cells
[32]. In cattle, this high proportion of γδ T cells in blood decreases with age [45] implying
these cells play a more important role in early immune responses of these
animals. Interestingly, unlike in human and mouse that have restricted γ and δ TCR
repertoires,  T cell high species including ruminants have many more  and  TCR genes
available for rearrangement [46-48].

Consistent with humans and mice, ruminants have their TCR δ locus located within
the TCR  locus but have a specifically expanded repertoire of  V genes. That is, humans
have 3 V genes and 14 V genes and mice have around 6 of each [49-51], although this is
not including V genes, referred to as TRAV/DV genes, that rearrange with D genes. In
contrast, cattle, sheep and pigs have a repertoire of up to 60 TRDV1 genes available for
diverse rearrangement [48, 52, 53] and cattle have 11 TRGV genes. The other 5 bovine
TRDV genes are homologues of those in humans and mice (TRDV2, 3, 4 and 5). Most likely
the expansion of the TRDV1 genes was a result of a number of duplication events to increase
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TCR diversity as these species co-evolved with pathogens. The TCRδ chain in cattle also can
incorporate up to 5 TCR δ diversity (TRDD) genes giving the opportunity for long CDR3
regions[48]. In cattle and sheep, like in mice, the γ chain genes are found in cassettes, each
with at least 1 V, J, and C gene.

The TCRγ genes expressed on bovine γδ T cells are mostly rearranged from genes
restricted to within a cassette [47, 51] meaning a V gene from a particular cassette will
usually rearrange with the J and C genes within the same cassette. Interestingly, throughout
many species there is a conserved cassette that has been referred to as ancient. This TCR
cassette has 2 to 6 V genes and 1 C gene and is referred to in several mammalian species as
TRGC5. TRGC5 has been found in a range of species from sheep and camel to bottle nosed
dolphins [54]. It differs from other TRGC genes as it is missing a large portion of the
connecting region found in other TRGC genes. TRGC5 is also closely related to TRGC1 in
humans [51].

1.4 WC1 are  T cell specific hybrid co-receptor and pattern recognition receptor

Some γδ T cells from γδ high species have been found to express a lineage-unique
molecule called WC1. Their representation among the total  T cell population varies
among tissues and organs (Figure 1.4). WC1 molecules are part of the superfamily of
scavenger receptor cysteine rich (SRCR) molecules [55]. Interestingly, these molecules are
highly conserved throughout evolution [56] and have been characterized as hybrid coreceptor/PPR expressed exclusively on γδ T cells [57].
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Figure 1.4

Figure 1.4 Representation of the two major subpopulations of bovine gd T cells in various
tissues and organs.
Showing those with high (Hi) WC1+ proportions relative to WC1- populations to those with
low (Lo) proportions (LP, lamina propria). Modified from: Baldwin et. Al. “Special features
of 𝛾𝛿 T cells in Ruminants” Molecular immunology 134:161-169, 2021.
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A co-receptor is generally defined as a cell surface molecule that increases affinity of
the principal receptor. These molecules must have the potential to send signals to the cells
they are expressed on but only when working with the main receptor. Co-receptors on T cells
include molecules such as CD4 and CD8. Co-receptors in this capacity do not have a role in
determining ligand specificity. γδ T cells are known to express co-receptors including NK
receptors and even CD8 in some cases, including for subsets of  T cells in cattle generally
being those that are WC1-[58]. Like other co-receptors it has been shown that WC1 does not
signal on its own but instead amplifies signal when co-crosslinked with its principal receptor
the TCR [59, 60].

In contrast, a PRR is a receptor usually expressed by cells of the innate immune
system, unlike co-receptors, PRRs have a direct role in ligand specificity and bind to
pathogen associated molecular patterns (PAMPs) or damage associated molecular patterns
(DAMPs).  T cells have been shown to express the PRR known as toll-like receptors
(TLRs) as well as NK receptors such as killer inhibitory receptors (KIR) (Figure 1.5). Like
these receptors, TLR and KIR, WC1 is also part of a multigenic array and it has been
evolutionarily conserved among even toed ungulates or Artiodactyls. The open reading
frames of these genes suggest a selective advantage in their availability to produce protein.
We hypothesize that this advantage is due to WC1s’ necessity for pathogen recognition by 
T cells and its involvement in subsequent cell activation.
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Figure 1.5

Figure 1. 5 Multigenic arrays of cell surface receptors that may be expressed by 𝛾𝛿 T cells
and involved in their activation.
Modified from: Baldwin et. Al. “Special features of 𝛾𝛿 T cells in Ruminants” Molecular
immunology 134:161-169, 2021.
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Thus, WC1 is an interesting hybrid molecule that has shared properties with that of
co-receptors and PRR, ideally positioning this protein to be a useful tool of γδ T cells to carry
out both innate and adaptive functions. WC1s SRCR domains are similar to other members
of the SRCR family such as CD163 and CD5 which also have been shown to interact with
bacteria and fungi [56, 61]. In mice, the most analogous molecules to WC1 are the scavenger
receptors SCART1 and 2, also known as CD163c-, that have SRCR domains conserved
with WC1 and that identify different functional subpopulations of γδ T cells [62, 63] (Figure
1.6). In cattle, WC1 is encoded by 13 genes [64]. Although the WC1 gene number and the
protein structures are still being fully elucidated in other ruminant species and pigs, it is clear
that each of these transmembrane receptors has multiple extracellular SRCR domains and a
cytoplasmic tail with the potential to be phosphorylated at one of several tyrosines and
serines to play a role in cellular activation [65, 66]. Among ruminants, there are also unique
WC1 gene structures that have been found in both sheep and goat relative to those in cattle,
implying more diversity of pathogen interactions among the species [43, 67]. While it is
known that WC1 is capable of signaling through phosphorylation of key tyrosines and
serines [57, 59, 65], it is still unclear which src family kinase is phosphorylating WC1 during
signaling but it has been narrowed down to fyn, lyn, or blk. The intracellular portion of WC1
also has a dileucine motif consistent with endocytosis that when blocked increases the
potential for T cell activation showing the multiple roles WC1 has as a co-receptor.
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Figure 1.6

Figure 1.6 Molecular structure of WC1 molecules in comparison to other SRCR molecules.
Domains with shared letter are similar in sequences. CD163c- is SCART molecules on  T
cells in mice.
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In its role as a PRR, WC1 has been shown to physically bind to pathogens such as
Leptospira [57]. Bovine γδ T cells have been shown to have variegated gene expression of
WC1 molecules and through staining with a panel of anti-WC1 mAbs they can be divided
into subpopulations called WC1.1 and WC1.2 [68]. These subpopulations are stimulated by
different antigens: some cells in the WC1.1 population can proliferate in response to
Leptospira and produce IFN-γ while some cells in the WC1.2 population have been shown to
respond to Anaplasma [45, 69, 70]. Both WC1 subsets have cells that can respond to
Mycobacterium [8] although it has been shown that in response to the attenuated BCG strain
of M. bovis that lacks several genes only WC1.1+  T cells migrate into the lungs of
sensitized cattle [71] while following infection of cattle with a virulent wild type strain of M.
bovis cells from both populations do so[8].

Telfer and co-workers have shown that when WC1 is knocked down this abrogates
the ability of γδ T cells to respond to Leptospira [72] but, it has also been shown that the γδ
TCR is necessary for these cells to interact with antigen. That is, when blocked with an antiTCRδ antibody  T cells from sensitized animals are not able to be activated when put in
recall cultures with Leptospira, Mycobacterium, or Anaplasma [8, 70, 73]. This would
indicate that the TCR specifically interacts with pathogens but it is not known whether the γδ
T cells that respond to pathogens clonally expand and express a restricted set of TCR genes
or if there is a polyclonal response. We also acknowledge that TCR interaction with antigen
may not be black and white and there may be cells that have a TCR that has low affinity that
would need WC1 interaction with antigen in order to respond or a TCR with high affinity for
antigen and may not need WC1 to interact with antigen (Figure 1.7).
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Figure 1.7

Figure 1. 7 Predicted outcomes of 𝛾𝛿 TCR and WC1 interaction with pathogen depending on
if the 𝛾𝛿 T cell is dividing or has restricted TCR expression.
Thank you to Kathleen Loonie for diagramming this.
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In our model and in others it is also unclear which TCR chain interacts with the
pathogens. The δ chain has been shown to be the dominant chain used to recognize T22 in
mouse γδ T cell responses to IPP whereas the γ chain has been shown to be important for
interaction with butyrophilin-like molecules. Some have proposed a hybrid interaction of one
paratope of the γδ TCR interacting with either antigen or CD1d in some cases thereby
fulfilling an adaptive function while simultaneously fulfilling an innate function by
interacting with a co-stimulatory molecule [74]. In this same way, in our model we
hypothesize that the γ chain of the TCR may be important for interaction with WC1 while
another part of the TCR has affinity for antigen (Figure 1.8). The interaction of WC1 and
TCR is supported by the fact that WC1+ γδ T cells express restricted γ chains within one
cassette having only 4 V, one J, and one C gene to rearrange. We suggest that since there is
conservation of one C region expressed by WC1+  T cells that this could be necessary for
WC1 to interact with TCR. It is unclear if other WC1 expressing species also have this
restriction of TRGC5 expression by WC1+  T cells. But if needed for interaction with WC1
we would expect species like pig and goat to solely express γ chains within a homologous
cassette to that of TRGC5 in cattle.
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Figure 1.8

Figure 1. 8 Working model of WC1 and the 𝛾𝛿 TCR interacting while binding to pathogen.
Red * indicates where WC1 domains bind Leptospira. Yellow star indicates predicted point
of contact between 𝛾𝛿 TCR and WC1 to promote activation.
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1.5 Leptospira as a model

Leptospirosis is a zoonotic disease cause by the spirochete Leptospira that causes
abortion in cattle and death in humans. We have developed Leptospira priming as our model
system to evaluate WC1+ γδ T cell responses over the course of the last 20 years [9, 57, 72,
73, 75, 76]. We know from previous work that in PBMC from animals vaccinated against
Leptospira that WC1+ γδ T cells and CD4+ T cells respond in recall responses whereas those
same cells from naïve animals do not [75]. WC1+ γδ T cells are quicker to respond in
vaccinated animals in comparison to CD4 T cells, both with regard to the time postvaccination when a recall response can be measured in vitro and with regard to the response
time in culture[75]. We have also shown that the WC1+  T cells have memory
responses[76]. This response by WC1+  T cells from vaccine-primed animals was
classified as a type 1 immune response as a result of the production of IFN [76]. Human
Vγ9/Vδ2 T cells also preferentially expand over  T cells when put in culture with
Leptospira and produce IFN-γ [77].

It is known that SRCR domains from certain WC1 molecules bind directly to
Leptospira. Specifically, the SRCR domains a1, b2, d6, c8 and e10 of WC1-3 molecules (a
WC1.1-type molecule) and the a1 domains of WC1-6, WC1-8, WC1-10, and WC1-13 (all
WC1.1-type molecules) bind while the WC1.2-type molecules do not [57]. This coincides
with the preferential expansion of WC1.1+ γδ T cells in response to Leptospira over the
WC1.2+ cells. From this, in conjunction with the result showing the WC1 silencing abrogates
the ability to respond, we can conclude that WC1 is especially important for γδ T cell
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activation in response to Leptospira as a result of both its PRR and co-receptor activity.
However, there is a caveat in that we have also shown that of the cells that divide in response
to Leptospira in recall response cultures about 20-30% do not express at least one WC1
molecules that is known to bind Leptospira [78]. This implies that in some cells the affinity
of the TCR may be high enough to not require binding of the antigen by the WC1 coreceptor.

1.6 Aims

Based on the previous studies reviewed above, it is clear that both the scavenger
receptor WC1 and the TCR are necessary for  T cell activation of this subpopulation of 
T cells. However, understanding in greater depth how WC1 and γδ TCR interact is crucial for
knowing how to design vaccine constructs to engage γδ T cells. Therefore, to further this
goal my aims and objectives were:

1.6.1 Aim 1: Characterize WC1 and TCR interactions in both ex vivo  T cells and
following culture with Leptospira

A) Establish whether WC1 and TCR co-localize in γδ T cell membranes before versus
following stimulation in culture with Leptospira antigen.

B) Compare WC1.1 and WC1.2-type molecules for their interaction with TCR
following culture with Leptospira.
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C) Identify temporally the WC1 and TCR interactions during culture with Leptospira
culture.

D) Determine if direct binding of intact leptospires with WC1 occurs on γδ T cell
membranes.

1.6.2 Aim 2: Determine if the WC1+  T cells in other species have a restricted used of
TCRGC genes suggesting this is necessary for activation.

A) Annotate the caprine TRG locus to identify a homologue of the bovine TRGC5 and
other nonhomologous TRGC genes. Characterize TRGC gene expression by
caprine WC1+  T cells. The rationale of using goats is that they are a close
ruminant relative of cattle and conservation would be expected here if they
hypothesis is correct.

B) Annotate the porcine TRG locus to identify a homologue of the bovine TRGC5
and other nonhomologous TRGC genes. Characterize TRGC gene expression by
porcine WC1+  T cells. The rationale of using swine is that they are another
artiodactyl species to test the extent of this conservation.

1.6.3 Aim 3: Evaluate gene expression in WC1+ γδ T cells that respond to Leptospira
antigen and those that do not.
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A) Compare gene expression using RNA-Seq between:
i) Ex vivo resting WC1+ and WC1- γδ T cell
ii) Ex vivo WC1+ and WC1- γδ T cells and PBMC

B) Identify gene expression differences using RNA-Seq between WC1+ γδ T cells that
do and do not divide following culture with Leptospira.

C) Characterize TCR gene expression and clonality among WC1+ γδ T cells before
and following vaccination with Leptospira.
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CHAPTER 2
 TCR AND THE WC1 CO-RECEPTOR INTERACTIONS IN RESPONSE TO
LEPTOSPIRA USING IMAGING FLOW CYTOMETRY AND STORM

2.1 Introduction

γ𝛿 T cells in many mammals exclusively express cell surface molecules known as
T19 or WC1 [41, 44, 79] that are part of the Group B family of scavenger receptor cysteine
rich (SRCR) family. They are coded for by multigenic arrays that are largely conserved
throughout evolution [55, 64, 67]. While neither humans nor mice have WC1 they do express
the closely related SRCR molecules CD163 and CD163c-

on their γδ T cells [62, 63] with

many of the SRCR domains being homologous between WC1 and CD163 family members
[56]. In particular, mice express the variants known as SCART1 and SCART2 known to be
involved in functional subset differentiation of murine γ𝛿 T cells [63, 80]. Scavenger
receptors in general also play other important roles in immune responses. That is, SRCR
domains are known to bind pathogens including those on immune system cells CD5, CD6,
CD163 and WC1 [61, 81, 82]. Thus, they act as pathogen recognition receptors (PRR).

We have shown that WC1 also acts as a co-receptor on γδ T cells. That is, when cocrosslinked with the γδ TCR it augments activation of the cells while when WC1 is ligated
alone there is no effect [60]. The WC1 molecules are involved in signal transduction as a
result of phosphorylation of specific tyrosines in the WC1 intracytoplasmic domains [65, 66,
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68, 83]. Most importantly, shRNA-mediated knockdown of WC1 significantly inhibits the
ability of bovine γδ T cells to respond to Leptospira [72] showing that both TCR and WC1
are necessary for responsiveness. The bovine γδ T cells can be divided into subpopulations
WC1.1+ and WC1.2+ as a result of variegated gene expression of WC1 molecules
distinguished by monoclonal antibody reactivity to the variants [83]. Cells within the WC1.1+
subpopulation proliferate and produce interferon (IFN)γ in response to the zoonotic pathogen
Leptospira while most cells in the WC1.2 subpopulation do not respond [45]. Moreover, the
WC1 molecules expressed by the leptospira-responsive cells physically bind Leptospira [57]
while the WC1.2 variants do not although WC1.2+ cells respond to other pathogens including
Mycobacteria and Anaplasma [8, 84]. Thus, it is hypothesized the tailored responses are a
result of the ability of particular WC1 variants expressed by the cells to interact with these
pathogens.

Based on the results showing the involvement of WC1 both in pathogen recognition
and TCR-dependent signal transduction, we hypothesized that WC1 and TCR will physically
interact by co-localization when the cells are ligated by antigen. To examine this hypothesis,
we used imaging flow cytometry (AMNIS) and stochastic optical reconstruction microscopy
(STORM), evaluating the localization of WC1 variants and the γ𝛿 TCR on quiescent cells
and cells activated with the bacterial pathogen Leptospira in recall responses in vitro. We
found γ𝛿 TCR and WC1 molecules formed clusters or protein islands that result in
fluorescence resonance energy transfer (FRET) following activation but not on quiescent
cells. These clusters excluded CD45. We also showed specific binding of Leptospira to the
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WC1 co-receptors expressed on the cell membrane further supporting the role of WC1 in γ𝛿
T cell pathogen recognition and cellular activation.

2.2 Materials and Methods

2.2.1 Animals and cells.
Blood was collected into heparin from the jugular vein of cattle (n=2) in accordance
with the protocol approved by the IACUC of the University of Massachusetts Amherst. Both
animals were vaccinated against Leptospira serovar hardjo with the commercial whole cell
inactivated vaccine Spirovac (Pfizer). PBMC were isolated from blood by centrifugation over
ficoll-hypaque and suspended at 2.5x106 cells/ml in complete RPMI (RPMI-1640 with 10%
heat-inactivated fetal bovine serum (FBS, Hyclone), 5x10-5M 2-mercaptoethanol, 200 mM Lglutamine (Sigma), and 10mg/ml gentamycin (Invitrogen)). Where indicated PBMC were
cultured with 0.08 ug/ml of sonicated Leptospira or whole Leptospira for 1 hr to 7 days.

2.2.2 Immunofluorescence.
Cells were stained by indirect immunofluorescence with primary monoclonal
antibodies GB21A (anti-TCRδ), CC15 (anti-pan-WC1), CACTB32A (anti-WC1.2),
BAG25A (anti-WC1.1), CACT21A (anti-WC1-8, marking WC1.3+ cells), MM1A (antiCD3), GC42A (anti-CD45), IL-A29 (anti-pan-WC1), ILA-12 (anti-CD4), and ILA-51 (antiCD8) or with cholera toxin subunit B (to mark lipid rafts). Appropriate secondary goat antimouse isotype-specific antibodies were used conjugated with one of the following
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fluorophores: Alexafluor647 (AF647), Alexafluor488 (AF488), or pycoerythrin (PE) as
indicated. Controls included secondary antibodies alone. To assess cell proliferation, PBMC
were loaded with efluor670 (Invitrogen) in accordance with the manufacturer’s protocol prior
to culture.

2.2.3 Imaging flow cytometry and FRET.
Cells were fixed with 4% paraformaldehyde following immunofluorescence staining
before being analyzed by imaging flow cytometry using AMNIS Imagestream Mark II.
Results were analyzed using the AMNIS IDEAS software. FRET was assessed using the
donor and acceptor fluorophore combination of PE (Blue laser 488) and AF647 (Red laser
642). Compensation matrices for FRET experiments were obtained with all lasers on (i.e.,
Red 642, Blue 488, Violet 405, SSC 785) but with a sample with no fluorescence in the
acceptor channel, as well as samples with fluorescence in the acceptor channel. Controls
included analyses with secondary antibodies only for which no fluorescence was measured
(Figure S1). Juxtaposition of cholera toxin B with cell surface proteins was assessed with the
colocalization Wizard within the IDEAS software package. Aspect ratio displayed in figures
is calculated by the AMNIS software as the ratio of the length of an individual cell’s major
axis and minor axis.

2.2.4 STORM.
Following staining of cells by indirect immunofluorescence, cells were placed onto
glass coverslips coated with poly-L-lysine for 1-2 hours before fixing with 4%
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paraformaldehyde and then washing. Imaging buffer (690 L Buffer B containing 50mM
Tris at pH 8.0, 10mM NaCl, and 10% glucose) with 7 L 2-mercaptoethanol and 7 L
GLOX solution (14 mg glucose oxidase, 50 L catalase, and 200 L Buffer A (10mM Tris,
and 50mM NaCl)), was placed directly over adhered cells. Images were acquired in a Nikon
N-STORM microscope using a Nikon PlanApo 100x NA 1.36 objective. To achieve superresolution, a total of 20,000 images were collected in a sCMOS camera at a rate of 99
frames/sec. Single molecule localization and reconstruction were performed using the FIJI
image J ThunderSTORM plugin [85]. Pearson’s coefficient of colocalization of fluorescence
from two channels was analyzed using the corr2 MATLAB function and 8-bit superresolution reconstructions from ROIs of each cell from each channel to achieve a range of
values from non-correlated (value = zero) up to perfectly correlated (value = one).

2.2.5 Bacterial binding.
Leptospira interrogans serovar hardjo strains 1343 and 818 spirochetes were
cultured in enriched Ellinghausen McCullough Johnson Harris medium (Sigma) at 300C for 2
months, splitting cells to a concentration of 5x107/ml every 2 wks. Bacterial concentration
was determined by OD 600 (1 OD 600 = 8x108 bacteria/ml). Spirochetes were fixed with 8%
paraformaldehyde for 2 hrs and washed with PBS before biotinylation using the EZ-link
sulfo-NHS-LC-biotin (Thermofisher) in accordance with the manufacturer’s protocol for
biotinylating cell surface proteins (200 L of 10 mM biotin per 2.5x107 cells for 30 min).
Unbound biotin was quenched with 100mM glycine solution in PBS. Biotinylated bacteria
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were then pre-stained with either Streptavidin-PE or Streptavidin-AF488 as indicated before
use in binding experiments.

For evaluating binding of bacteria to lymphocytes, the labeled bacteria were
incubated with bovine PBMC at a concentration of 2 to 2.5 x106 bacteria per 5x106 cells in a
volume of 1 ml for 2-3 hr at 370C with agitation every 30 min for flow cytometric analysis
(FACS ARIA [BD]) to assess binding of bacteria to the cells. For flow cytometry sorting to
enrich for WC1+/Leptospira+ cells for STORM analysis the volume was reduced to 0.25 ml
with the same number of bacteria and lymphocytes and PBMC were stained by indirect
immunofluorescence with mAb CC15 (anti-pan-WC1) after incubation with the bacteria. The
CC15+ PBMC with bound Leptospira were sorted to a purity of 59.9% (the low percentage is
a result of bacteria being released from the lymphocytes during the sorting process).
Assessing blocking of Leptospira binding by antibodies was performed by staining of
lymphocytes with the indicated mAb and isotype specific secondary with fluorochrome
either before or after a 3 hr incubation with pre-stained bacteria with several washes between
steps. Flow cytometry was then used to determine the percentage of mAb-stained cells
binding fluorescent bacteria. The results were expressed as the ratio of cells binding bacteria
with and without mAb staining.

2.2.6 Crosslinking WC1 and TCR.
Bovine PBMC diluted to 4x106/ml were added to microtiter wells with indicated mAb
and secondary antibodies: GB21A (anti-TCRδ), IL-A29 (anti-pan-WC1), goat anti-mouse
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IgG1, goat anti-mouse IgG2b, and goat anti-mouse IgG1. Cultures were performed in 96well plates with 1.25 x 105 cells/well in a total volume of 200 l. They were established in
triplicate for each condition and incubated for 4 days that included an overnight incubation
with 3H thymidine (New England Nuclear) at 1µCi/well added on day 3 of culture. Cells
were harvested with a cell harvester, incorporation of 3H thymidine determined by liquid
scintillation and results are expressed as counts per minutes (CPM).

2.2.7 Statistical analyses.
For all FRET comparisons a 2-way ANOVA was performed followed by 1-way
Student’s t-test for those showing differences. For co-localization Pearson’s correlation
coefficient was employed and Student’s t-test of cells that were analyzed. For blocking of
Leptospira binding to cells by antibodies, a Mann-Whitney rank sum test was used.
Significance is indicated as *p< 0.05 **p<0.01. 3H Thymidine results are shown as mean
and standard error of the mean.

2.3 Results

2.3.1 WC1 and γδ TCR physically interact after activation by Leptospira.
When co-cross-linked with the γδ TCR the γδ T cell co-receptor WC1 becomes
phosphorylated on key tyrosines and augments T cell responses[65]. When those tyrosines
are mutated or WC1 is silenced the cells fail to response[59, 72]. When WC1 was not
silenced but rather separated from the TCR the cells also could not respond to stimulation
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through the TCR as shown here (Figure A.1). Thus, we hypothesized that WC1 and γδ TCR
colocalize for cell activation to occur. To assess this, imaging flow cytometry (AMNIS) was
used to measure FRET which occurs when molecules are < 9 nm apart. As a positive control
we first evaluated CD3 and TCR interaction and found that after culture with Leptospira
there was a visible shift in fluorescence indicating FRET had occurred (Figure 2.1A). In
contrast, this did not occur with quiescent cells. As a negative control CD45 and γδ TCR
interaction was chosen for evaluation since those proteins are known to be in different
protein islands both before and during activation of  T cells [86] and while CD45 is
known to move into lipid rafts following activation of  T cells [87, 88] we found here that
only about 20% of WC1 molecules in bovine γδ T cells were within lipid rafts and that none
of the γδ TCR was (Figure A.2 ). These latter results for WC1 and γδ TCR and lipid rafts are
in agreement with a previous study [68]. As predicted, we found no FRET between CD45
and γδ TCR when quiescent cells were evaluated or on cells following culture with
Leptospira (Figure2.1B). Finally for the principal experiment, when FRET between WC1
and γδ TCR on ex vivo resting i.e., quiescent, cells was assessed none occurred (Figure 2.1C)
while some lymphocytes cultured with Leptospira showed fluorescence sensitized emission
for the acceptor fluorophore indicating FRET (Figure 2.1C). The cells that were positive for
FRET had a clear shift in fluorescence and a demarcation was evident between stimulated
and quiescent cells (Figure 2.1D). Statistical analysis of the 3 independent experiments
showed significantly more FRET+ cells after Leptospira culture when CD3-TCR or WC1TCR interactions were assessed but not between CD45 and TCR (Figure 2.1E). As an
additional control we found that secondary antibody alone showed few cells with background
fluorescence beyond what was found with cells alone (Figure A.3).
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We then examined the cells using STORM to obtain super-resolution fluorescence
data on WC1 and γδ TCR interactions. On quiescent cells, there was a clear separation of
WC1 and γδ TCR protein islands (Figure 2.2A). This was consistent with the literature
regarding protein islands on resting cells in general [89]. After culture with Leptospira, the
WC1 and TCR protein islands became juxtaposed (Figure 2.2B) to various degrees (Figure
2.2C). Quantitative measurements of the colocalization were obtained through the corr2
MATLAB function that computes Pearson’s correlation coefficient. There was a significant
difference between the ex vivo and Leptospira cultured groups (p=0.046). We found ~40%
of the cells cultured with Leptospira had a significantly higher correlation of WC1 and TCR
localization than quiescent ex vivo cells (Figure 2.2D). This agreed with the proportion of
WC1+  T cells from vaccinated animals that are known to undergo cell division following
culture of PBMC with Leptospira as shown in previous studies [45].

2.3.2 WC1 and γ𝛿 TCR interactions on cells in WC1 subpopulations.
γδ T cells designated as WC1.1+ and WC1.2+ differ in the WC1 genes they express
and in their responses to pathogens [8, 45, 78]. For example, cells within the WC1.1+ γ𝛿 T
cell subpopulation proliferate and produce IFN- γ in response to Leptospira while many
fewer WC1.2+ cells do [69]. The WC1 variants designated as WC1.1-types [64] bind
Leptospira while the WC1.2 types do not, suggesting a reason for the difference in cellular
response. Thus, we predicted that following stimulation with Leptospira the WC1 molecules
on some cells within the WC1.1+ subpopulation would colocalize with the γδ TCR, while
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WC1 molecules on cells within the WC1.2+ population would not. We found FRET occurred
between the WC1 molecules that reacted with the anti-WC1.1 mAb BAG25A and the γδ
TCR if cells had been stimulated with Leptospira in in vitro recall cultures (Figure 2.3A). In
contrast, for WC1.2+ cells (identified by mAb CACTB32A) very few showed FRET between
their WC1.2 molecules and the γδ TCR for either quiescent cells or those cultured with
Leptospira (Figure 2.3B).

While the WC1.1+ and WC1.2+ subpopulations can be distinguished by the WC1
genes expressed, individual cells can express more than one WC1 gene product (i.e., variant
of WC1) [78]. Thus, we next utilized a mAb against a single WC1 variant, WC1-8
(recognized by mAb CACT21A). WC1-8 is expressed by cells within the WC1.1+
subpopulation and these cells are known as WC1.3+. MAb CACT21A was used to assess
whether an individual variant of WC1 could be visualized interacting with γ𝛿 TCR. FRET
occurred between WC1-8 and γδ TCR on cells cultured with Leptospira (Figure 2.3C)
although there was slightly less FRET with the anti-TCR

antibody than between WC1

molecules identified by reactivity with the anti-WC1.1 mAb BAG25A or with the anti-panWC1 mAb CC15. Interestingly, because mAb CACT21A was against a single WC1 variant
(WC1-8), small microclusters of γ𝛿 TCR and WC1 were more distinct than WC1 clusters in
experiments using the anti-pan-WC1 antibody CC15 (see Figure 2.1C). Quantitation showed
that in both experiments performed there was consistent FRET interactions of γδ TCR and
WC1 subsets on cells expressed within the WC1.1+ and WC1.3+ subpopulation that are
known to express WC1 variants that bind leptospira but not in the WC1.2+ subpopulation
(Figure2.3D).
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2.3.3 Different variants of WC1 molecules interact only after cell activation.
Unlike CD4 and CD8 coreceptors of  T cells, as mentioned above, there variants of
WC1 molecules arising from the bovine WC1 multigenic array of 13 genes. Individual γδ T
cells are known to express 1 to 6 different variants [78]. These variants may differ in the
number of extracellular SRCR domains as well as their endodomains [83]. We evaluated
whether the different WC1 variants act similarly to CD4 and cluster together despite their
amino acid sequence and structural differences. To determine this, we evaluated FRET on a
population of cells that are known to express more than one variant of WC1 molecules:
WC1.3+ γδ T cells (express WC1-8 and WC1-3). There was no FRET between WC1 variants
on the WC1.3+ cells (Figure 2.4A) when evaluated in their quiescent state. Their preclustered protein islands become juxtaposed with one another after Leptospira stimulation
(Figure2.4A) displaying a FRET interaction between these molecules. Separation of these
different WC1 variants on quiescent cells was affirmed with STORM using WC1.3+ flow
cytometrically sorted cells (Figure A.4 ). Quantitation of 2 experiments performed showed
consistent FRET between WC1 variants for Leptospira cultured cells (Figure2.4B).

2.3.4 γ𝛿 TCR and CD3 interact prior to interaction with WC1.
Cell division of γ𝛿 T cells stimulated with Leptospira antigen starts by day 5 of
culture [76] (Figure 2.5A). Using this as a guideline, we evaluated the temporal clustering of
cell surface molecules following activation with Leptospira. There was no profound FRET
above baseline observed between CD45 and γδ TCR throughout any of the timepoints
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(Figure 2.5B). δ T cells showed significant clustering of γδ TCR-CD3 complexes with
FRET by day 3 (Figure 2.5B) and significant FRET between WC1 and the γδTCR on day 7
when either a pan-anti-WC1 mAb was used or when using more WC1 variant-specific mAbs
(Figure 2.5C). In contrast, FRET between different types of WC1 molecules was visible at
day 5 in Leptospira cultures (data not shown). While we measured some cell division on day
5 of culture, additional cell proliferation had occurred by day 7 (Figure 2.5A) which agreed
with the results showing WC1 and γδ TCR had increased FRET at day 7. Overall γδ
TCR/CD3 clustering with other γδ TCR/CD3 complexes as measurable by AMNIS occurred
earliest in cultures (day 3) before clustering of WC1 with the γδ TCR on day 7 for the
replicate independent experiments performed.

2.3.5 Leptospira binds to WC1 on γδ T cells.
We next evaluated direct interaction of Leptospira with WC1 molecules using
STORM. Since most studies have employed sonicated bacteria, we wanted to ensure γδ T
cells cultured with whole Leptospira proliferated in recall responses; we found they did so,
responses being even greater than with sonicated bacteria (Figure A.5A). To determine
whether leptospires bound to WC1 on γδ T cells we used biotinylated Leptospira (Figure
2.6A). When incubated with PBMC we found that the WC1+ cells bound Leptospira (Figure
2.6B) with one or more leptospires as shown by AMNIS imaging flow cytometry (Figure
2.6C).
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To determine whether WC1 and Leptospira were juxtaposed on the cell surface
STORM imaging of flow cytometrically sorted WC1+ cells that had bound bacteria was done
(Figure 2.6D, E). There was some colocalization between WC1 and the bacteria evident as
indicated by yellow overlay. The bacteria were more difficult to image as shown by their
discontinuous appearance (see Figure A.5B, STORM images of bacteria) due to their size
which was considerably larger than the protein islands in quiescent cells.

Leptospira is known to bind to a variety of cells as well as to extracellular matrix
through adhesins [90]. To ensure that binding to γδ T cells was due to the interaction with
WC1, the bacteria were incubated with lymphocytes before and after reacting the
lymphocytes with mAb to block cell surface molecules including several anti-WC1 mAbs
(Figure 2.7A). We found that mAb against WC1, when used before incubating the cells with
the Leptospira blocked binding of the bacteria to the cell (Figure 2.7B). This varied from
experiment to experiment (4 independent experiments performed) due to variation in the
level of bacterial binding, however while blocking with anti-WC1 mAbs was consistent in all
12 evaluations no blocking by mAb that bind to TCR, CD4, or CD8 occurred (Figure 2.7C).
The anti-pan-WC1 mAb CC15 had the best blocking ability, blocking nearly 70% of
Leptospira binding and the blocking was statistically significant.

2.4 Discussion
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We hypothesized that since WC1 and γδ TCR augment signaling when co-ligated
together [60] and both are needed for γ𝛿 T cell activation [8, 65, 70, 91] that they would
clustered together in the cell membrane following activation with Leptospira, the model used
in our studies [72, 73, 75, 76]. Using AMNIS imaging flow cytometry and then STORM for
higher resolution imaging we showed that the WC1 co-receptors colocalized with the γδ TCR
on activated cells resulting in FRET which indicates they were within 9 nm of one another.
WC1, like the TCR co-receptor CD4 as well as many other cell surface molecules, was found
in protein islands or nano or microclusters on the cell membrane of quiescent  T cells and
that those islands then concatamerized with protein islands containing γ𝛿TCR following
activation of the cells. Individual γδ T cells may express more than one WC1 gene from the
multigenic array [78]; here we showed that particular variants of WC1 clustered together in
resting cells but then clustered together with islands containing other WC1 variants following
cell activation. This occurred before the coalesced clusters of WC1 variants merged with the
γδ TCR protein islands. We also found that Leptospira spirochetes bound specifically to
WC1 rapidly on the surface of γδ T cells when cultured together. These observations support
the concept of a signaling domain forming which contains WC1 with the TCR along with the
ligand. It is possible that this complex is later endocytosed together to limit cell activation
since we know from longer term studies of T central memory cells derived from similar
cultures as used here have a decreased MFI of the γδ TCR and WC1 (Gillespie, unpublished
data).

Unexpectedly, we found CD3 and γδ TCR were not close enough for FRET in
quiescent cells although they were following culture with Leptospira. We postulate that
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following cell activation FRET may have been caused by a trans mechanism when other
complexes of TCR-CD3 form tighter clusters together. This is consistent with  T cell
immune synapse formation in that TCR-CD3 complexes are found to more tightly associate
after initial stimulus [92]. Also, because of the position of the antibody epitopes on CD3 and
TCR, combined with the use of indirect immunofluorescence, the distances between these
molecules may have been extended further than if directly conjugated antibodies had been
used. There may also be fundamental differences in the CD3 of αβ and γ𝛿 T cells that
account for this. For example, we have previously shown that plate-bound anti-CD3
antibodies causes most bovine αβ T cells to become activated and proliferate but very few γ𝛿
T cells do [93]. This has been confirmed by others [94]. Also, most quiescent γ𝛿 T cells in
mice, unlike αβ T cells, do not express CD3𝛿 [95] but instead express a glycosylated form of
CD3γ following activation [96]. In addition, when αβ T cells are stimulated they have a
conformational change associated with their CD3ε that is required for activation [97] but γ𝛿
T cells do not do this [98]. Finally, the γδ TCR is oriented differently to the cell membrane
than the αβ TCR is [46]. This latter difference could be due to the types of antigens that  T
cells recognize, which are not peptides presented on MHC.

WC1 is part of the group B SRCR super family whose members include CD5, CD6
and CD163 that are known to bind bacteria and fungi through their extracellular SRCR
domains [61, 81, 82]. In cattle, there are 13 WC1 molecules with 6 or 11 SRCR extracellular
domains, each of which can potentially bind pathogens [57]. We have shown that multiple
serovars of L. interrogans as well as L. borgpetersenii can bind to specific recombinant WC1
SRCR domains in solution [57] while here we showed direct binding to the WC1 proteins on
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γ𝛿 T cell membranes. Our studies here also support data we previously published showing
that 75-80% of Leptospira-responding WC1+  T cell clones had transcripts for at least one
WC1 molecule that had the potential to bind Leptospira [78]. It is known that Leptospira spp.
Can bind epithelial cells as well as the extracellular matrix [99] and we did find here that
Leptospira could bind to some cells in PBMC nonspecifically. However, in the case of WC1+
 T cells the bacteria binding was specific for WC1 as shown by anti-WC1 mAb blocking
but not for example blocking by the anti-TCR𝛿 mAb.

While individual γ𝛿 T cells express up to 6 variants of WC1[78], it was unclear
whether all WC1 variants on the cell would colocalize together regardless of whether they
bound bacteria or not. We were able to increase our understanding of this showing that while
in quiescent cells the variants of WC1 are in separate and spatially stable protein domains or
islands that following activation the island with different variants coalesce and then merge
with the γ𝛿 TCR islands. This occurred coincident with the time of the first cell division.
This suggests that following cell activation that the separate WC1 protein islands cluster
more tightly before concatermization with the γ𝛿 TCR islands. Because WC1 has variegated
gene expression [78, 83], the WC1.2+ cells that divided could also be expressing variants
found on cells within the WC1.1 subpopulation that bind leptospires, as we have shown using
 T cell clones [78]. Despite differences among individual WC1 molecules they all have the
capacity for signal transduction and thus based on this data we hypothesize that they
contribute to cell activation once clustered together even if they do not bind the pathogen.
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With regard to signaling and cell activation, we have shown in the past that WC1 has
src family tyrosine phosphorylation sites and that key tyrosines in their endodomains are
phosphorylated following co-crosslinking with the TCR within 30 seconds [59, 65]. Kinases
able to phosphorylate WC1 included fyn, blk, and lyn [65, 100]; these may associate with
WC1 to play this role in activation following clustering of WC1 and the γ𝛿 TCR. We also
expect molecules associated with an immune synapse of an αβ T cells such as lck or zap70
[101] as well as src kinases to similarly associate with the molecular clustering of γ𝛿 TCR
and WC1. Because γ𝛿 T cells do not react with antigenic peptides associated with MHC on
antigen presenting cells construction of a SMAC may not necessarily be possible. It was
previously believed that T cells need a cSMAC for TCR-mediated activation but more
recently shown this is not necessarily the case since this is not required of naive CD8 T cells
[102]. Also, others contend that the SMAC does not have a role in long term TCR activation
but instead plays a role in down-regulation of signal [103]. While a classical immune synapse
may not form on γ𝛿 T cells, nevertheless, here we found that the clustering of receptors in the
membranes on the γ𝛿 T cells shared some of the core attributes in that CD45 was excluded
from the protein islands of the TCR.

While our findings highlight how WC1 and γ𝛿 TCR colocalize but exclude CD45
following activation with Leptospira understanding the temporal relationship of these events
described here is more unusual. The proximity and time required for FRET to occur suggests
that WC1 and γ𝛿 TCR physically interact in ways that differ from that seen by the αβ TCR
and the TCR co-receptors CD4 and CD8. However, it is particularly important to note here
we used ex vivo PBMC while in other studies used pre-cultured cells or cell lines [89, 104]
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including our own studies of phosphorylation events which used WC1-transfected Jurkat
cells [65]. When T cells from a transgenic mouse where evaluated, TCR protein island
clustering could not be seen until 2.5 - 5 hours [105] although this is still considerably earlier
than our observations. Since we saw no division until day three of culture the activation
events measured in other studies of αβ T cells would be expected to be quite different from
those in the heterogenous population of γ𝛿 T cells used here. An understanding of how these
WC1+  T cells signal and respond to pathogens may potentiate development of vaccines
that recruit and stimulate these cells by exploiting the role of the WC1 co-receptors. The
studies performed here may shed light on that.
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Figure 2.1

Figure 2.1 (continued)
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Figure 2.1 FRET between cell surface molecules.
AMNIS imaging flow cytometry of bovine PBMC either quiescent or after culture with
Leptospira antigen for 7 days. For A, B and C the top flow cytometry plots after the arrow
indicate fluorescence with both lasers on while the bottom panels show fluorescence with the
red AF642- laser off to measure fluorescence-sensitized emission in that channel. Individual
cell pictures from the indicated (from dashed arrow) gated population are also shown.
Stained by indirect immunofluorescence with (A) anti-CD3 mAb with anti-IgG1-PE Ab
(donor) and anti-TCR mAb with anti-IgG2b-AF647 Ab (acceptor), (B) anti-CD45 mAb
with anti-IgG2a-PE Ab (donor) and anti-TCR mAb with anti-IgG2b-AF647 Ab (acceptor),
or (C) anti-WC1 mAb CC15 with anti-IgG2a-PE Ab (donor) and anti-TCR mAb with antiIgG2b-AF647 Ab (acceptor). Dot plots are representative of 3 independent experiments for
panels A, B and C. (D) TCR acceptor fluorescence of WC1+ cells as a result of anti-WC1
(donor) mAb and anti-TCR mAb (acceptor) interaction on ex vivo resting cells (red dots)
and Leptospira stimulated cells (blue dots). (E) The % of cells showing FRET relative to the
maximal number possible. No significant FRET was found for cells in panel B but it was for
A and C (*p<0.05 **p<0.01 by Student’s t-test). CD3 p = 0.005, WC1 p = 0.022
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Figure 2.2
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Figure 2.2 (continued)
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Figure 2.2 STORM imaging of bovine lymphocytes for WC1 and TCR interaction.
Bovine lymphocytes were imaged by STORM after staining by immunofluorescence with
anti-WC1 mAb (CC15) and AF647 isotype specific secondary Ab or anti-TCR mAb
(GB21A) and AF488 isotype specific secondary Ab. Examples are shown here from 4
experiments conducted with two animals. (A) Ex vivo WC1+  T cells and (B) WC1+  T
cells cultured with sonicated Leptospira antigen for 7 days. Cell size is indicated with white
bars. (C) Examples of individual cells with their corresponding Pearson’s coefficient. (D)
Comparison of Pearson’s coefficients from a larger sample of cells with the mean and SD
shown (* p < 0.046 by Student’s t-test).
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Figure 2.3
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Figure 2.3 (continued)
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Figure 2.3 FRET between different variants of WC1 molecules and the γ𝛿 TCR.
AMNIS imaging flow cytometry of bovine PBMC either ex vivo or following culture with
Leptospira antigen for 7 days. For A, B and D the top flow cytometry plots to the right of the
arrow indicate fluorescence with both lasers on while the bottom panels to the right of the
arrow show fluorescence with the red AF642-activating laser off. Individual cell pictures
from the indicated (from dashed arrow) gated population are also shown. (A) Staining by
indirect immunofluorescence with anti-WC1.1 mAb BAG25A with anti-IgM-PE Ab (donor)
and anti-TCR mAb with anti-IgG2b-AF647 Ab (acceptor) or (B) anti-WC1.2 mAb
CACTB32A with anti-IgG1-PE Ab (donor) and anti-TCR mAb with anti-IgG2b-AF647 Ab
(acceptor). (C) Stained by indirect immunofluorescence with anti-WC1-8 (WC1.3) mAb
CACT21A with anti-IgG1-PE Ab (donor) and anti-TCR mAb with anti-IgG2b-AF647 Ab
(acceptor). AMNIS plots in panels A, B and C are representative of 2 experiments. (D) The
% of cells showing FRET relative to the maximal number possible for the 2 experiments is
shown in the bar graphs. n.v.=not visible
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Figure 2.4
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Figure 2.4 FRET between different variants of WC1 molecules.
Bovine PBMC were either ex vivo or cultured with Leptospira antigen for 7 days and imaged
with Amnis imaging flow cytometry. The top flow cytometry plots after the arrow indicate
fluorescence with both lasers on as a positive control while the bottom panels after the arrow
show fluorescence with the red AF642- laser off to measure fluorescence-sensitized emission
in that channel. Individual cell pictures from the indicated (dashed arrow) gated population
are also shown. Cells were stained by immunofluorescence with (A) anti-WC1.1 mAb
(BAG25A) with anti-IgM-PE Ab and anti-WC1-8 (i.e. WC1.3, mAb CACT21A) with antiIgG1-AF647 secondary Ab. (B) The % of cells showing FRET relative to the maximal
number possible for the 2 experiments is shown in the bar graphs.
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Figure 2.5
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Figure 2.5 Temporal development of FRET between various cell surface molecules.
(A) Flow cytometry of PBMC loaded with efluor670 cell division dye and then cultured with
Leptospira sonicate for up to 7 days and then stained by indirect immunofluorescence with
anti-TCR mAb. Panels B and C are results of AMNIS imaging flow cytometry of bovine
PBMC after culturing with Leptospira for variable lengths of time; indirect
immunofluorescence with mAb as indicated included GB21A (anti-TCRδ), CC15 (anti-panWC1), CACTB32A (anti-WC1.2), BAG25A (anti-WC1.1), CACT21A (anti-WC1-8,
marking WC1.3+ cells), and MM1A (anti-CD3). The mean percentage of γ𝛿 T cells showing
FRET relative to the maximal number possible between the molecules is indicated in the bar
graphs: (B) anti-CD45, anti-CD3 or anti-WC1 mAbs with anti-TCR mAb, (C) anti-WC1.1,
anti-WC1.2 or anti-WC1.3 mAbs with anti-TCR mAb. Panel B is the mean of 3
experiments with the SD and panel C is the mean of 2 experiments; significant differences by
Student’s t-test are shown (*p< 0.05; ** p < 0.01). CD3 three days p = 0.016, CD3 five days
p = 0.007, CD3 seven days p = 0.005, and WC1 seven days p = 0.022.
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Figure 2.6

57

Figure 2.6 (Continued)

D
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Figure 2.6 Leptospira binding to WC1+ cells.
Leptospira interrogans serovar hardjo bacteria were biotinylated and stained with either
streptavidin-PE or streptavidin-AF488. (A) Flow cytometry of unlabeled or biotinylatedstreptavidin-PE Leptospira alone. (B) Bovine PBMC incubated with biotinylated Leptospira
for 4 hr and stained by indirect immunofluorescence with with anti-WC1 mAb CC15 and
anti-IgG2a-AF647 secondary Ab. Top panels had no streptavidin-PE added while it was
added to the bottom panels. (C) AMNIS images of double positive cells (WC1+/Leptospira+)
from ‘B’. (D) Flow cytometry sorting strategy of WC1+-AF647+ lymphocytes that are
binding biotinylated-Steptavidin-AF488 Leptospira+. Representative of 2 independent
experiments performed. (E) Sorted cells from panel D imaged by STORM.
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Figure 2.7
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Figure 2.7 Blocking of Leptospira binding to lymphocytes by anti-WC1 Ab.
(A) Leptospira interrogans serovar hardjo was biotinylated and stained with Streptavidin-PE.
Experimental design of blocking adherence of bacteria to cells by mAbs added either before
(pre-stained) or after (post-stained) incubation with the bacteria. (B) Cells post-stained with
the indicated mAbs reactive with lymphocyte surface antigens and isotype specific
fluorchrome conjugated secondary were compared to those pre-stained before the 3-hr
incubation with Leptospira-biotin-streptavidin-PE. Percentages are from gated populations of
mAb+ cells and evaluated for Leptospira binding from that population. The results show the
binding of bacteria for the indicated lymphocyte population. Lines connect the results within
an experiment (n=4 independent experiments). Significant differences were done by the
Mann-Whitney ranked sum (*p< 0.05 **p<0.01) mAb CC15 p = 0.007, mAb BAG25A p =
0.069 and mAb ILA29 p = 0.028. (C) Percentage of blocking by the mAbs in panel B was
the difference between percentage of cells binding Leptospira post-stained and pre-stained
cells. A positive number indicates blocking while a negative number indicates enhanced
binding. The mean percentage of blocking is indicated above each treatment.
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CHAPTER 3
CONSERVATION OF THE TRGC5 CASSETTE AMONG SPECIES
HIGHLIGHTING ITS IMPORTANCE THROUGHOUT EVOLUTION AND
AMONG WC1+  T CELLS

3.1 Introduction

The ability to identify specific  T lymphocyte subpopulations in various tissues is
essential for understanding their functional differences and may contribute to understanding
their roles in both immune protection and inflammatory pathology. Similarly identifying the
mechanism by which they react with pathogens and antigens is necessary.  T cell
subpopulations of ruminants are distinguished by differential expression of a family of
lineage-restricted PRR known as WC1 [44, 106, 107] [108-110]. WC1 molecules are coded
for by multigenic families in cattle as well as small ruminants [64, 111-113] and their
existence but not their genetic diversity was reported decades ago in swine [114]. More
recently we have shown that in swine the WC1 family is also polygenic although with fewer
genes than in ruminants [115]. Using the bovine model, WC1 molecules have been shown to
function as hybrid PRR binding directly to pathogens and acting as co-receptors working in
concert with the  TCR for cell activation [57, 66]. Within the WC1+ population of  T
cells there are subpopulations distinguished by their WC1 gene expression that correlates
with their ability to respond to particular pathogens and physically bind them [45, 70, 84].
Use of pattern recognition receptors (PRR) and other innate-like immune receptors are
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thought to contribute to the ability of  T cells to respond rapidly and diversifies the antigen
recognition potential of  T cells. This latter attribute is especially important when the
diversity of the TCR is limited by a restricted number of available TCR genes as occurs for
TCR  and  genes in humans and mice, for example.

It has been shown that the T cell receptor (TCR) is important for activating γδ T cell
responses to pathogens in cattle [8, 70, 91, 116]. The TCR gene loci in many species contain
cassettes with one or several V and J genes and usually a single C gene in each [51, 117] and
gene rearrangement largely occurs within a cassette [91]. The  T cells that express the
lineage-specific hybrid pattern recognition receptor (PRR)/TCR co-receptor WC1 use TCR
genes from the TRGC5 cassette only [91]. As a result, the diversity of the  chain expressed
by this WC1+ subpopulation is limited to four V genes paired with the single J and C gene
that are found in that cassette. We postulated that this restriction to TCR chains incorporating
the TRGC5 gene-coded protein was necessary for the WC1 molecules to interact with the
TCR chain after binding to the pathogen. To explore this hypothesis, we evaluated  T cell
populations and their TCR gene expression in goats, which are a closely related ruminant
species, and swine, a more distant species but also an artiodactyl as are ruminants.

Although  TCR genes are well characterized in cattle [48, 51, 53, 91, 118] and sheep
[47, 52] they had yet to be described fully in goats and swine which was included in the
studies presented here. Moreover, cell surface differentiation markers used to identify
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porcine  T cells are CD2 and CD8 which distinguish subsets predominantly found in the
lymph nodes and spleen of swine (CD2+CD8+ and CD2+CD8-) from those that dominate
in the blood (CD2-CD8-) [110, 119, 120] while WC1 expression had yet to be evaluated for
subpopulations of swine  T cells. Thus, here we evaluated the subpopulations of  T cells
defined as CD2+ or CD2- as well as those expressing SWC5 another cell surface molecule,
for transcription of WC1 as well as the TRG genes. Identification of subpopulations of  T
cells with mAb to SWC5 was included here since its distribution and our unpublished data
suggested it recognizes porcine WC1 molecules.

3.2 Materials and Methods

3.2.1 Genome annotation.
The long-read genome sequence assembly ARS1 from a San Clemente goat was
retrieved from GenBank where it is deposited under BioProject accession code
PRJNA290100 [121]. The TRG genes were found on chromosome 4 (GenBank:
NC_030811.1) and TRD genes on chromosome 10 (GenBank: NC_030817.1). Caprine TRG
genes were annotated manually based on cattle TRG [48, 51, 91, 122] that can be found in
the IMGT database (www.imgt.org, last consulted May 2020), using the National Center for
Biotechnology Information’s (NCBI) Basic Local Alignment Search Tool (BLAST) after
placing the bovine TRG sequences as query. The accession numbers of sequences used for
bovine TRGC are D90409, D90411, D90414, X63680, AY735449, AY644518 and
AY644517, for TRGJ are AY6445187, AY644518, AC172685, AY644517, 937068 and
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AC172685, and for TRGV are AY644517 and NW_937068. Computer-based annotation was
done using Maker [123] and Apollo [124] to verify the manually annotated TRG gene
sequences as well as to search for additional exons coding for TCR genes. The manual and
the computer-based annotations were compared for gene exon locations and sequences.
Pseudogenes were defined based on the presence of a truncation, nonsense mutation,
frameshift or defective initiation codon. Nomenclature of the annotated caprine TRG genes
was based on similarity to the bovine gene sequence

3.2.2 Phylogenetic trees and alignments.
Trees comparing archived bovine TCR sequences with the identified caprine and
porcine sequences were generated in two ways. First sequences were aligned in BioEdit
(www.mbio.ncsu.edu/bioedit/bioedit.html, last accessed September 2020) with ClustalW
then analyzed in an unrooted neighbor-joining tree. Other trees were generated using
Phylogeny.fr (www.phylogeny.fr, last accessed October 2020) [125, 126] with sequences
aligned with MUSCLE (www.ebi.ac.uk/Tools/msa/muscle/, last accessed September 2020).

3.2.3 Animals and cell isolation.
Peripheral blood mononuclear cells (PBMC) were either isolated from porcine blood
collected at commercial slaughter from normal healthy swine or from the jugular veins of
Boer goats ranging from 2-3 years of age. Goats were housed at the University of
Massachusetts’ farm, and blood was taken as approved by the University of Massachusetts
IACUC. PBMCs were isolated from blood by centrifugation over ficoll hypaque and cultured
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in complete RPMI medium (RPMI-1640 supplemented with 10% heat-inactivated fetal
bovine serum (Hyclone), 200 mM l-glutamine (Sigma), 5 × 10−5 M 2-mercaptoethanol
(Sigma) and 10 mg/ml gentamycin (Invitrogen)). Caprine PBMC were also cultured with 5
ug/ml concanavalin A (ConA) for 2 days prior to sorting.

3.2.4 Immunofluorescence and sorting.
Cells were stained with mAbs and fluorochrome-conjugated isotype-specific
secondary antibodies using standard techniques as previously published [127]. Table 1 list
for mAb used in studies reported here. Cells were analyzed on a FACS DIVA (BD
Biosciences) with lymphocytes identified by forward (FSC) and side scatter (SSC) profiles
and FlowJo (www.flowjo.com) used for data analysis. Lymphocytes were sorted using a
FACS ARIA. For swine they were sorted into TCR+/CD2-/SWC5-, TCR+/CD2+/SWC5-,
and TCR+/CD2-/SWC5+ populations with a purity >95% using methods similar to those
described previously [127]. Caprine lymphocytes were sorted into TCR+/WC1+ and
TCR+/WC1- populations with 99% purity for both populations.

3.2.5 RNA-cDNA synthesis.
To extract RNA, cells were either solubilized in Trizol (Invitrogen) and RNA was
isolated by phenol-chloroform isolation. RNA purity and concentration were determined by
Nanodrop spectrophotometry (Thermo-Fisher) or using the 4200 TapeStation (Agilent
Technologies). The cDNA was generated by reverse transcriptase using Superscript IV
(Invitrogen), a template switch oligo and a poly T reverse primer as outlined in Mamedov et
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al. [128]. Primers, dNTPs and RNA were first incubated at 65C for 5 min., then enzyme,
buffer, DTT, and RNase OUT (Invitrogen) were added before incubating at 50C for 1 hr then
80C for 10 min. One unit of uracil deglycosylase (Invitrogen) was added per 20 ul cDNA
reaction and the mixture incubated at 37C for 45 min. Porcine cDNA was produced with the
AMV Reverse Transcription kit (Promega) with oligo(dT) primers.

3.2.6 PCR and PacBio sequencing.
Goat PacBio sequence data was obtained from PCR products obtained using Phusion
(NEB). Primers are outlined in Table 2 for goats and Table 3 for swine. PCR for both caprine
and porcine RT-PCR was performed with the following conditions: 1) 95C for 2 min, 2) 95C
for 30 sec, 3) 55-63C for 45 sec, 4) 72C for 30 sec, repeating steps 2-4 for 30 cycles.
Amplicons were viewed on a SYBR™ safe 1% low melting agarose gel and amplicons of the
correct size were extracted and purified with the NEB gel extraction kit. To confirm primer
specificity, amplicons were cloned into a sequencing vector by standard techniques and sent
for commercial Sanger sequencing. For some gels, the intensity of the bands was determined
by ImageJ (imagej.net) and presented as integrated density.

For PacBio sequencing, PCR amplicons were purified further with Ampure beads
(Beckman Coulter) and sequenced at the University of Massachusetts Medical School
PacBio sequencing core (https://www.umassmed.edu/nemo/pacific-biosciences/). FastA files
of sequences were analyzed by filtering sequences based on PacBio tags applied to different
input populations during PCR. Sequences were then aligned as described above. Any

67

repeated base pairs that likely occurred due to the PacBio sequencing errors were resolved
based on comparison with known sequences of TCR. Frequency of recombination of TRGV
genes with TRGC genes for transcription was presented as alluvial plots (open source
application https://app.rawgraphs.io/; last accessed November 2020).

3.3 Results

3.3.1 Part I: TCR gene usage by caprine WC1+  T cells.

3.3.1.1 Chromosomal organization of caprine γδ TCR genes.
Variable genes at the TRG loci were annotated using the most recent caprine
reference genome assembly [129]. Caprine TRG genes were identified at two loci (TRG1 and
TRG2) on chromosome 4 as previously reported [130]. The TCR V, D, J, and C genes
identified were named according to their greatest degree of similarly with bovine genes. The
TRG1 locus lies proximal to the TRG2 locus on chromosome 4 with the three observed
cassettes transcribed in a distal to proximal orientation (Figure 3.1). These 3 cassettes were
named C4, C3, and C5 in the order they are located from proximal to distal; both C3 and C5
cassettes had multiple V and J genes. The C3 cassette also had an additional constant gene,
TRGC7, located between TRGV9 and TRGV2 and was classified as a pseudogene due to a
frame shift. The TRG2 locus lies distal to TRG1 and the four cassettes identified are
transcribed in a proximal to distal orientation (opposite to that of TRG1). Most caprine
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TRGV genes found were predicted to be functional except for TRGV10 that had a point
mutation that induces a stop codon making it a pseudogene (Figure A.6A).

3.3.1.2 Comparison of caprine and bovine TCR gene organization and sequences.
The order of the caprine TRG cassettes and the contents of each were largely similar
to those in cattle (Figure A.6B) although cattle only have six TRG cassettes (missing TRGC8
cassette) and the bovine TRG1 locus is in a forward orientation. Although a bovine
homologue of TRGC7 is not reported in the literature, sequence for a homologous
pseudogene is found in the IMGT database and a locus map has been published [130]
showing it is in a similar position as we found TRGC7 in goats. Finally, TRGV10 was not
found to be a functional gene in goats but it is in cattle.

The conservation of TCR loci organization between cattle and goats suggested that
the respective caprine and bovine TRGV, TRGJ and TRGC genes would cluster based on
gene name and locus location in a phylogeny analysis. When aligned (Figure A.7A) and
analyzed, all TRGV genes corresponded to a bovine gene in a maximum likelihood tree
except that there was no caprine homologue of bovine TRGV11, a pseudogene found in both
cattle and sheep. There was also more duplication of certain TRGV genes of goats compared
to that is cattle such as the TRGV5 gene. In most instances duplicated genes clustered more
closely within a species than between species which could be due to duplication events
occurring post-species divergence (Figure 3.2A). TRGC gene sequences (shown in Figure
A.7B) clustered between species in an expected way (Figure 3.2B). Since there is not a
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bovine equivalent of caprine TRGC8, this gene clustered with its chromosomal neighboring
TRGCs, i.e., TRGC1 and TRGC2. This may indicate that this is a duplication that occurred
within the caprine cassette given the similar organization and homology of the other V and J
genes found there and that this event did not occur in cattle. The caprine pseudogene TRGC7
clustered with the other C gene in that cassette, i.e., TRGC3, indicating this too may be a
duplication event.

3.3.1.3 TCR gene expression among caprine γδ T cell subpopulations.
The conservation of TCR genes between goats and cattle suggests that they may
share similar expression patterns among γδ T cell subpopulations. Amino acid identity
between cattle and caprine gene sequences in the TRGC5 cassette was >87% (TRGJ5, 87%
(not shown); TRGV4, 91%; TRGV7, 92%; TRGV3, 94%; TRGV10, 95% and TRGC5, 96%)
attesting to their similarity (see Figure A.8A). To address the hypothesis that γδ T cells
expressing WC1 have a restricted expression of TRG genes, using only those found in the
TRGC5 cassette as occurs in cattle [91], PCR was performed with cDNA made from flowcytometrically sorted WC1+/TCR+ and WC1-/TCR+ cells (Figure 3.3A). WC1+ cells had no
amplicons except for TRGC5 whereas WC1- γδ T cells had transcripts for all TRGC genes
evaluated (Figure 3.3B). This indicated that caprine WC1+ cells share the same restricted
TRG gene usage as observed in cattle. To confirm these sequences, PCR amplicons were sent
for PacBio sequencing. TRGV3-1 and TRGV7 were largely the only TRGV genes found
among the WC1+ population’s transcripts aside from 2 transcripts of TRGV9 and TRGV6
(indicated as ‘other’ in Figure 3.4). The deduced amino acid sequence of TRGC5 in cattle

70

and goats is very similar supporting the hypothesis that the unique sequence may be needed
to interact with WC1 (Figure A.6C). In contrast, the WC1- population transcribed all
available TRGV genes except for TRGV4, TRGV3-2, and TRGV10 (Table 4 and Figure
3.4A). TRGV10 is predicted to be a pseudogene due to a stop codon found within the gene
and thus not expected to be transcribed, whereas TRGV4 and TRGV3-2 are predicted to be
functional and are in open reading frame. The data also confirmed that expression of TCRγ
genes is indeed largely limited to rearrangement within cassettes (Figure 3.4B).

We also addressed TRD gene usage. Unlike what we found for the TRG genes, the
WC1+ and WC1-  T cell populations both had highly diverse repertoires of TRDV gene
transcription (Figure 3.4A). We did find some differences between the subpopulations, e.g.,
WC1- cells had more transcripts for TRDV3-2 than the WC1+ population did.

3.3.2 Part II: TCR usage by porcine WC1+  T cells.

3.3.2.1 Three major subpopulations of porcine  T cells in blood were defined by
mAbs.
Since WC1+  T cells in swine were not previously defined our first experiments
addressed this. To define porcine  T cells, a mAb against the porcine  TCR was
employed and then mAbs known to react with  T cells included in the staining profiles.
Within the  TCR+ population in blood were CD2+ and CD2-  T cells (Figure 3.5A) as
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well as SWC5+ and SWC5- cells (Figure 3.5B). The CD2- population contained the SWC5+
cells (Figure 3.5C) as well as some of the SWC5- cells since the SWC5+ cells could account
for only about half of the total CD2-  T cells. Based on the results of mAb staining, the 
T cells in blood were divided into three major subpopulations as diagrammed (Figure 3.5D).
For comparative purposes it is important to note that the relative proportion of CD2+ and
CD2-  T cells in porcine blood resembled that found in ruminants [131] and also to note
that in cattle and goats the CD2+ and CD2-  T cells are largely defined as being WC1- and
WC1+, respectively [131]. Therefore, this was hypothesized to be the case for porcine
subpopulations. (In trying to find other useful anti-WC1 mAb we also evaluated mAb CC101
that purportedly reacts with WC1 in ruminants and swine [132]. Here we found the mAb
C101 reacted with porcine PBMC but was found to recognize lymphocytes in addition to 
T cells (Figure A.8A) while in cattle it reacted with monocytes as well as  T cells (Figure
A.8B) and thus was not used further in these studies.) To characterize the three populations
of porcine  T cells (Figure 3.5D) we evaluated their WC1 and TCR gene transcription by
RT-PCR in studies below.

3.3.2.2 Comparison of porcine and bovine TCR  genes.
We first compared the porcine TRG genes with those of cattle. Others have annotated
the porcine TRG locus (submitted for publication) and found a consensus of 4 cassettes from
3 different annotations. We obtained those sequences and made an alignment of the porcine
and bovine TRGC genes and assessed them in a phylogenetic tree. It showed the while the
genes in the swTRGC1 cassette clustered with the boTRGC5 cassette the other porcine

72

TRGC genes did not segregate with bovine genes (Figure 3.6A). The TRGV genes found in
the bovine TRGC5 and porcine TRGC1 cassettes also clustered in a phylogenetic tree (Figure
3.6B). The organization in the genes in the TRGC5 cassette was similar between the two
artiodactyl species (Figure 3.6C) with sequence identity ranging from 69% to 89% among the
genes. The conservation of the genes in the porcine TRGC1 cassette is in agreement with
other research showing the ancient nature of the TRG genes in cassettes homologous to that
one among a variety of species [54].

3.3.2.2 TCR and WC1 gene usage by the three porcine  T cell subpopulations.
The three populations of porcine  T cells defined by the presence or absence of
CD2 and SWC5 ligand expression the subpopulations were enriched by flow cytometric
sorting (see Figure 3.7A for sorting definitions) and then examined for WC1 and TCR gene
usage. We designed primers for the TRGC genes described above and groups of WC1 gene
sequences for use in RT-PCR and tested them on PBMC first to ensure functionality (Figure
3.7B). While the recent swine genome annotation describes only two WC1 genes that
correspond with the Kanan et al. report of decades previously [114], it is now known to be a
larger multigenic array [115]. Porcine WC1 genes can be distinguished by the sequences of
their most distal SRCR domain. That is, while most WC1 variants start with the classic WC1
a1 domain, in swine there are some WC1 variants whose most distal domain is a d-patterned
SRCR domain (refer to [56] for these pattern designations that are conserved among SRCR
scavenger receptors). Also, within the group of WC1 variants that begin with an a1 domain
the variants can be designated as WC1.1-like or WC1.2-like using characteristics found in
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ruminant a1 domains [64]. These amplicons were cloned and sequenced to confirm
specificity of the bands (data not shown). When evaluating the sorted subpopulations of  T
cells, we found that while both of the CD2- subpopulations (SWC5+ and SWC5-) had
transcripts for WC1 genes that the CD2+ subpopulation did not (Figure 3.7C). This was in
agreement with our expected results based on studies from ruminants regarding CD2+ and
CD2-  T cells [131]. It was also notable that the two CD2- subpopulations (SWC5+ and
SWC5-) differed in their WC1 transcript profiles indicating that the three distinct populations
of porcine  T cells defined by mAb (see Figure 3.5D) were also distinguishable by WC1
receptor expression. That is, the SWC5+ population had a strong band of amplicons with both
the WC1.1 and WC1-d1 primers while the SWC5- cells had only a strong amplicon band
when the WC1-a1 primers were used for RT-PCR.

Regarding TCR gene usage, the two CD2- populations (SWC5+ and SWC5-) both
had strong bands of amplicons representing transcription of genes in the TRGC1 cassette but
they also had amplicons representing transcripts for other TRGC genes (Figure 3.7C). The
CD2+  T cells had stronger amplicon bands representing transcription of TRGC2/3 genes in
addition to transcripts for TRGC1. No transcripts for TRGC4 were found which is consistent
with it being a null allele in some animals. Together with the WC1 gene expression results
and the phenotypic differences with mAb immunofluorescence, these results suggests further
that these are distinct subpopulations of porcine  T cells. Our collaborators in Austria and
UK have affirmed our results through RNA-Seq that porcine CD2-  T cells express TRGC

74

transcripts from other cassettes besides TRGC1 although those seem to be the most
frequently used (submitted for publication in a joint manuscript).

3.4 Discussion

Our work with the caprine and porcine γ TCR genes continues to fill gaps in our
knowledge regarding the evolution of the γδ TCR among artiodactyls. Our data indicates that
goat and cattle share a high degree of similarity in the organization of their TRG loci and
gene sequences within those loci, as well as gene transcription patterns by  T cell
subpopulations. In swine although we found fewer similarities, we did identify a homologue
to the bovine TRGC5 cassette, i.e., swTRGC1, which speaks o the conservation of these
genes throughout evolution. We also defined three populations of porcine  T cells by
expression of epitopes recognized by mAb: CD2+/SWC5-, CD2-/SWC5+, and CD2-/SWC5-.
Both populations that are CD2- contained cells that expressed transcripts for WC1, the hybrid
PPR and TCR co-receptor that is known to direct  T cell responses in the bovine model
[45] and presumably would serve a similar function for porcine  T cell responses. Recent
studies show that the mAb B37C10, which reacts with SWC5 indeed recognizes porcine
WC1 SRCR domains Lepage and Telfer, unpublished data). Finally, using these tools we
were able to demonstrated using RT-PCR and PacBio sequencing that caprine  T cells
shared the same TRGC5 restriction that is seen in cattle while TCR expression among
porcine WC1+ cells was not restricted. That is, both CD2- and CD2+  T cells in swine
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transcribed all of the TRGC genes although there was a preponderance by CD2-  T cells to
transcribe those in the TRGC1 cassette.

While the organization of the caprine TRG loci was similar to those in cattle and
sheep there were some unique aspects. Most of the differences found among ruminant
species here appear to be due to duplication events through evolution. The caprine TRG1
locus was in an inverted orientation relative to that in cattle [51, 54], although this could be
an assembly error. An additional nonfunctional caprine TRG gene, TRGC8, was found that is
not in sheep or cattle. Caprine TRGC7 does not have an ovine homologue while in cattle it is
also a pseudogene (IMGT www.imgt.org). Based on their location and homology to
neighboring TRGC genes we assume that these pseudogenes are duplications of functional C
genes in both goats and cattle. While the genes in the porcine TRG cassette noted by the
presence of TRGC1 were found to be homologues of those in the TRGC5-cassette of cattle,
expressed sequences from the other three porcine TRG cassettes did not cluster with bovine
TRG genes in phylogenetic trees showing species divergent within the artiodactyls.

Goats and sheep have been found to express WC1 on subpopulations of  T cells in
the same way as reported for cattle, and it has been shown that these cells participate in
immune responses to pathogens [67, 133]. In cattle, we have shown that γδ T cells that
express the co-receptor WC1 use a restricted set of genes to code for the TCR γ chain while
WC1-  T cells use all of the TCR genes available [91]. This implies that the restriction is
important for WC1+ cell function especially since the predicted structure of the gene product
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expressed by WC1+  T cells (i.e., TRGC5) is substantially different from those of the other
TRGC genes. If our hypothesis was correct, porcine and caprine WC1-expressing  T cells
would be expected to only express the TRGC5 gene or equivalent. We confirmed that this
also occurs for the caprine  T cell populations and showed that goats have similar
organization of the TRGC5 cassette as cattle and sheep [47, 51]. Conservation of
organization and usage implies an important role for its gene products in immune function to
combat shared pathogens. Indeed, TRGC5 has been referred to as an ancient cassette among
bovine, ovine, and dromedary implying that other cassettes coding for the TCR chain are
duplications of it [54, 134, 135].

We have hypothesized that the restricted use of a particular TCR chain is because of
the need for it to physically interact with WC1 to augment cell signaling in response to
pathogens since WC1 and the TCR need to be co-ligated for there to be augmented signaling
[59, 60]. A similar paradigm has been proven for the interaction of the TCR chain with the
accessory signaling molecules CD3 where the membrane proximal portion of the TCR
constant region controls signaling with the CD3 complex [136]. When tested in swine the
TRGC5 homologue TRGC1 was not the only one expressed among CD2-  T cells unlike
what has been shown in cattle and now goats. Thus, our postulate that the WC1+  T cells
are required to express only the homologous bovine or caprine TRGC5 or porcine TRGC1
was rejected. It is possible that the minor proportion of porcine WC1+  T cells that do not
express TRGC1 may have a TCR that is of high enough affinity to not require cooperation
from WC1. Porcine TRG gene rearrangement could also be occurring between cassettes

77

while in cattle and goats this either does not occur or occurs rarely [91, 137, 138]. While our
core hypothesis was rejected, our work defining the caprine and porcine  TCR loci and TCR
expression among WC1 expressing cells will allow us to form hypotheses regarding the
functional equivalence between caprine, porcine, and bovine γδ T cells since there are many
basic studies with bovine  T cells available to model this on [7, 45, 72, 73, 75, 76, 116].
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Table 1 Monoclonal antibodies used for immunofluorescence staining.
Antibody name

Target

Species

Company or

directed to

reference

Isotype

PGLB22A

δTCR

IgG1

Porcine

WSUa

PG92A

SWC5

IgM

Porcine

WSU

B37C10

SWC5

IgG2a

Porcine

Bio-rad

MSA4

CD2

IgG2a

Porcine

Kingfisher

CC101

WC1

IgG2a

Bovine

Bio-rad

CC15

WC1

IgG2a

Bovine

WSU

GB21a

TCR

IgG2b

Bovine

WSU

LND68A

CD163

IgG1

Bovine

Kingfisher

B30C7

CD27

IgG1

Porcine

Biotang

PPT27

γδ T cell subset

IgG1

Porcine

[139]

11/295/33

CD8α

IgG2a

Porcine

Bio-rad

a.

Washington State University Monoclonal Antibody Center
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Table 2 Primers used for RT-PCR of caprine cDNAa
Primer Name

Sequence

TRGC1 & 2 rev

GATTGTTTGACTGATGAAAGCGGTGCC

TRGC2 rev

CAAAGGCACGTCTGGAAGGTGAAAA

TRGC3 rev

GACATGCTTTTGTAGAATTTGCAACAGGGAC

TRGC4 rev

GGCTCCCAGTGACTGTTTAAACCAG

TRGC5 rev

GAGGTTGCTACACGTGCCTGCATG

TRGC6 rev

CTTGTTGACTTCTAGAAGATTCACCTCTTG

TRDC rev

ATATTGACCAAGCTTGACAGC

WC1b rev

TCTGGGCTGAAGAGTTCAGGTGTG

Universal fw

AAGCAGTGGTATCAACGCAGAGT

Universal fw pb01

TCAGACGATGCGTCATCAAGCAGTGGTATCAACGCAGAGT

Universal fw pb02

CTATACATGACTCTGCCAAGCAGTGGTATCAACGCAGAGT

Universal fw pb03

TACTAGAGTAGCACTCCAAGCAGTGGTATCAACGCAGAGT

a. fw, forward primer; rev, reverse primer; pb, PacBio tag
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Table 3 RT-PCR primers for amplifying porcine TRGC and WC1.
Set used
together

A

B

Gene

Fwd
or Primer sequence (5’→ 3’)
Rev

Size (bp)

1

TRGC2

fwd

TATTGGAAAGAAAAGAATG(G/A)C

-

2

TRGC1

rev

CACCACTGTCCCTCAGTGTC

760

3

TRGC2

rev

TTTCTGGGTTTGGCTTC(G/A)TTCAG
601
AG

4

WC1.1 a1

fwd

TGAAGGGACAGAGTCAACTCTCAC
TG

411

5

Pan WC1 d1

fwd

CTCCGCCTGGTGAATGGGGGCAGT

611

6

WC1.2 a1

fwd

CTGCAACAATACCAAGCCAGATT

423

7

Pan WC1 a1

fwd

CTGAGGCTGAAGGATGGA

617/629

8

Pan WC1 b2

rev

GAACAGACAACTTGAACAGCTCCA
CTGTGG

-

9

Pan TRGC

fwd

CATGAAATTCAGCTGGYTGACKGT
GAS

-

10

TRGC1

rev

GGCGCTACAGACTGTTGTTTCTCGA
290
AA

11

TRGC2+3

rev

CCCACTGCTGCAGACTGTTCTCCTA
404
AA

12

TRGC4

rev

CTTTTTTGGAATCAGTAACAGTGAC
260
TTCA

Primer
#a

C

a. Primers are used in sets together using the single fwd or rev with the others in the set;
Fwd = forward primer; rev = reverse primer; bp = base pairs.
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Table 4 Transcription of caprine TRG genes by the WC1+ and WC1-  T cellsa.
TRGC cassette that the
V gene is associated

TCR Vγ gene name

WC1+  T

WC1-  T

cells

cells

TRGC 1

TRGV5-3

-

+

TRGC 2

TRGV 5-1

-

+

TRGV 5-2

-

+

TRGV 2

-

+

TRGV 8-1

-

+

TRGV 8-2

-

+

TRGV 9

-

+

TRGC4

TRGV 1

-

+

TRGC5

TRGV3-1

+

+

TRGV3-2

-

-

TRGV4

-

-

TRGV7

+

+

TRGV10

-

-

TRGC 3

a. Following flow cytometric purification of  T cell populations, RT-PCR and PacBio
sequencing was used to assess gene transcription. +, gene transcribed.
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Figure 3.1

Figure 3.1 Organization of the caprine TCR loci.
Arrows indicate the orientation of the genes. The TRG genes found at two loci on
chromosome 4 are separated by a double slash. The TRG1 locus was found between position
37,498,317 and 37,637,483 whereas the TRG2 locus was located between position
70,114,164 and 70,214,864. Genes were named based on homologous genes in cattle. Dotted
lines represent predicted gene rearrangements within cassettes.
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Figure 3.2
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Figure 3.2 Phylogenetic analysis of caprine and bovine TRGV and TRGC genes.
Annotated sequences from caprine and bovine nucleotide sequences from IMGT were
aligned with MUSCLE and displayed in an unrooted maximum likelihood phylogenetic
trees: (A) TRGV and (B) TRGC. Numbers on branches indicate support values. The “c”
before a gene name indicates a caprine TCR sequence and “b” before a gene name indicates a
bovine TCR sequence.
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Figure 3.3
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Figure 3.3 PCR of caprine γδ T cell subpopulations.
(A) Flow cytometry cell sorting strategy for caprine PBMCs that were first gated on live
lymphocytes based on forward (fsc) and side scatter (ssc). Cells were stained by indirect
immunofluorescence using mAbs reactive with WC1 or TCR δ. Numbers displayed indicate
percentage of cells within regions. (B) Gel electrophoresis of RT-PCR products using sorted
cell populations as templates with the indicated primers.
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Figure 3.4
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Figure 3.4 (continued)

Figure 3.4 Caprine TRDV and TRGV gene usage.
(A) PacBio sequencing of TCR genes from caprine WC1+ and WC1-/TCRδ+ cells sorted by
flow cytometry. Percentage of transcripts from each gene was obtained by dividing the
number of transcripts by the total transcripts that appeared as “hits” against a database of
TRGV, TRGC, or TRDV genes obtained from this annotation. (B) Alluvial plots showing
TRGV and TRGC gene combinations used in transcripts
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Figure 3.5
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Figure 3.5 Flow cytometry of porcine  T cell subpopulations.
Porcine PBMC were gated on lymphocytes according to forward (FSC) and side scatter
(SSC) profiles and stained by immunofluorescence with: (A) mAb PGLB22A (-TCR)
and secondary Ab IgG1-FITC and mAb MSA4 (CD2) with secondary Ab IgG2a-PE; (B)
mAb B37C10-AF647 (SWC5) and mAb PGLB22a (-TCR) with secondary Ab IgG1FITC; or (C) mAb B37C10-AF647 (SWC5) and mAb MSA4 (CD2) with secondary Ab
IgG2a-FITC. (D) Diagram of the  T cell subpopulations defined by mAb staining.
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Figure 3.6
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Figure 3.6 Phylogenetic comparison of porcine and bovine TRG genes.
Genes were aligned using ClustalW with default parameters and displayed in a neighborjoining phylogenetic tree. “ss” before a gene name indicates Sus scrofa TCR sequence and
“b” indicates a bovine TCR sequence. (A) TRGC genes and (B) TRGV genes. (C)
Diagrammatic comparison (not drawn to scale) of the gene arrangement in the porcine
TRGC1 cassette and its homologous bovine TRGC5 cassette. Percent identity between
indicated TCR genes obtained with ClustalW alignment are shown below.

93

Figure 3.7
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Figure 3.7 (continued)
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Figure 3.7 TCR and WC1 gene expression by subpopulations of porcine  T cells in blood.
(A) PBMC were gated by forward (FSC) and side scatter (SSC) and then by expression of 
TCR followed by CD2 and/or SWC5 expression. They were sorted by flow cytometry, as
shown, into three populations. These were used in experiments to evaluate TCR and WC1
gene transcription below. (B) Qualitative analysis to test primers and expression of WC1 and
TRGC genes in porcine PBMC using the primer combinations shown in Table 2. (C) RTPCR of WC1 and TRGC genes in porcine SWC5 and CD2-defined γδ T cell subpopulations.
Summary table of the results of the semi-quantitative expression of WC1 and TRGC genes in
porcine SWC5/CD2-defined γδ T cells is shown below with lane number corresponding to
the sample order in B and C above along with the integrated density readings of the gel.
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CHAPTER 4:
NEXT GENERATION SEQUENCING OF TRANSCRIBED GENES IN RUMINANT
 T CELL SUBPOPULATIONS

4.1 Introduction

 T cells have several important differences with regard to how they interact with
antigen when compared to  T cells. They do not need to interact with antigen in the
context of MHC on an antigen-presenting cell and they express pattern recognition receptors
(PRR) giving them another mechanism of pathogen recognition. One such PRR is the T cell
receptor (TCR) co-receptor known as Workshop Cluster 1 (WC1) found exclusively on  T
cells. WC1 is a member of the scavenger receptor cysteine rich (SRCR) superfamily and like
other SRCR molecules has been shown to physically bind to pathogens [56, 61, 81, 82]. In
cattle, WC1 is encoded by 13 genes [64] with variegated expression creating subpopulations
of  T cells [68, 83]. Based on the WC1 genes expressed, the resulting  T cell
subpopulations respond to different pathogens [45, 69, 70] showing the importance of these
receptors for directing bovine  T cell responses. Moreover, we have recently shown that the
TCR and WC1 co-localize following cell activation [140], complementing previous findings
showing that when WC1 is knocked-down it abrogates the ability of γδ T cells to respond to
antigen [72] while co-crosslinking WC1 with the TCR augments the T cell response [60].

However, there is a second population of  T cells that do not express WC1 and
which are the prominent subpopulation in many tissues including the gut, skin and uterus
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[79]. Serial analysis of gene expression (SAGE) has been performed on CD8- and CD8+  T
cells which are largely reciprocal to WC1 expression and it was found that WC1+  T cells
had a more resting but activated phenotype as compared to WC1-  T cells [141]. In pigs,
another artiodactyl species, gene expression analysis using RNA-Seq and single cell analysis
has shown that the population of CD2+  T cells that largely corresponds to the WC1- cells
in cattle [142] are more similar to human  T cells[143]. while swine CD2-  T cells that
correspond to bovine WC1+  T cells do not have a human counterpart. What was not
known is the differences in gene expression between WC1+ and WC1- bovine  T cells or
unique features of the WC1+  T cells that proliferate to antigen in recall cultures.

Using RNA-Seq, here we first compared the transcriptome of all blood  T cells
(WC1+ and WC1-) to peripheral blood mononuclear cells (PBMC) as a baseline to determine
if a profile of unique genes is expressed by  T cells relative to other lymphocyte
populations in the blood. To determine differences in  T cell subpopulations, ex vivo WC1+
and WC1- bovine  T cells were then compared. Differences in gene expression could
influence their ability to respond to pathogens and the functional outcome that would ensue
depending upon which  T cell subpopulation responded. We then determined which genes
are expressed by WC1+  T cells when cultured with our model Leptospira antigen in recall
cultures using cells from primed cattle and asked whether the cells that undergo cell division
have a unique gene expression profile relative to those that do not. While major differences
were found between PBMC and all  T cells as well as between activated and ex vivo WC1+
 T cells, fewer differences were found between ex vivo WC1+ and WC1-  T cells and
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even fewer key differences between that proliferate in recall cultures with Leptospira and
those that do not.

4.2 Material and Methods

4.2.1 Blood and cells.
Bovine blood was collected from the jugular vein of cattle as approved by the
University of Massachusetts Institutional Animal Care and Use Committee. Samples from
two adult cattle immunized with the Leptospira vaccine Spirovac (Zoetis) were used. PBMC
were isolated from blood over ficoll-hypaque gradients and suspended in complete-RPMI
medium (RPMI-1640 supplemented with 10% heat-inactivated fetal bovine serum (Hyclone),
200 mM L-glutamine (Sigma), 5 × 10−5 M 2-mercaptoethanol (Sigma) and 10 mg/ml
gentamycin (Invitrogen)). Cells to be cultured were washed with phosphate buffered saline 3
to 4 times and then dye-loaded with efluor670 by incubating at a concentration of
5mM/2x107 cells for 10 min at 37C and then washed with serum-containing medium at 4C
before being put in culture with medium alone or with sonicated Leptospira borgpetersenii
serovar hardjobovis as described by us previously[75]. At 7 days, cells were assessed by flow
cytometry for cell divisions after staining by indirect immunofluorescence for cell surface
markers.

For indirect immunofluorescence staining, cells were stained with monoclonal
antibody (mAb) CC15-FITC (-pan-WC1, Biorad) and GB21A (-TCR) with anti-mouse
IgG2b conjugated to Alexa fluor 647 as the secondary antibody (Thermofisher). Cells were
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analyzed by flow cytometry using a FACS DIVA (Becton Dickinson) and gated according to
forward and side scatter. Sorting was performed with a FACS ARIA (Becton Dickinson) into
WC1+ and WC1- ex vivo populations and into WC1+ dividing and non-dividing populations
following culture with antigen, with purities ranging from 96-99% for each.

4.2.2 Library preparation.
Sorted cells were suspended in Trizol (Invitrogen, Carlsbad, CA) and RNA was
extracted according to the manufacturer's instructions. RNA purity and concentration were
determined by Nanodrop spectrophotometry (Thermo-Fisher). RNA with an RNA integrity
number (RIN) of 8 or higher was enriched for mRNA using NEB’s Next Poly(A) mRNA
Magnetic Isolation. This was then used to create libraries using NEB Next Ultra II DNA
library preparation kit according to the manufacturer’s instructions. Samples were
multiplexed with the NEB Next Multiple Oligos for Illumina kit using single end indexes (i7)
1-10 and analyzed with a bioanalyzer for molarity. Samples were combined at a 1:1 molar
ratio (total of 10nM) before sequencing with a Next Seq-500 paired-end using the Mid-150
cycle kit.

4.2.3 Analysis of RNA-Seq data.
Data from RNA-Seq runs were analyzed using publicly available Illumina Basespace
apps to check quality, trim adaptors, align with either the bovine genome (Btau6.0) or human
genome (UCSC hg19 PAR-masked), and determine differential gene expression. Heatmaps
are directly from the Illumina Basespace apps indicated or using open-source software
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(http://www.heatmapper.ca/expression/). Ontology graphs were produced from RNA-Seq
differential expression profiles and mapped to hallmark gene set phenotypes with Metascape
[144].

4.3 Results

4.3.1 PART I: RNA-Seq of  T cell subpopulations: experimental design and quality
control.
Others have previously performed comparisons of populations similar to WC1- and
WC1+  T cell gene expression using SAGE to evaluate CD8+ or CD8-  T cells (which
generally correspond to WC1- and WC1+ cells, respectively) [141] and we used microarrays
comparing WC1+  T cells to CD4+ T cells [9]. We expanded on those results here with this
more in-depth experimental approach.

To identify unique genes expressed by  T cells we made several comparisons using
RNA-Seq (Figure 4.1). First we compared all mononuclear populations in PBMC (Sample 1)
with ex vivo WC1+ and WC1-  T cells (Samples 2 & 3) and then compared the two ex vivo
 T cell subpopulations to one another. We also compared the ex vivo WC1+ cells (Sample
2) with that same cell subpopulation following culture with antigen in vitro. The latter were
assessed as those that had undergone cell division and those that did not divide (Samples 4
and 5). Finally, we compared just those WC1+  T cells that proliferated in recall cultures
with antigen (Sample 4) with those that did not divide (Sample 5) to one another.
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The cell populations described in Figure 4.1A were flow cytometrically sorted as
shown in Figure 4.1B. RNA-Seq results where mapped to both the bovine and human
genomes (Figure 4.1C). This was done since while the human genome annotation is more
complete and established than the bovine genome, cattle have some multigenic families of
immune system genes that differ from those of humans. For example, the WC1 gene family
is absent from humans. However, when the results were mapped to the bovine genome only
~30% of transcripts mapped to coding regions with a large proportion mapping to intergenic
sequences (Figure 4.1C). When mapped to the human genome the percentage corresponding
to coding regions rose to over 50% with fewer transcripts mapping to intergenic regions. This
change presumably resulted from insufficient and incomplete annotation of the bovine
Btau6.0 assembly. Thus, going forward we mapped results to both the human and bovine
genome annotation to get the most comprehensive representation of transcriptional
differences.

When all samples were compared using Pearson’s correlation mapping, we saw clear
differences among the transcript profiles of the five sample populations (Figure 4.2A). This
was also affirmed by the Principal Component Analysis (Figure 4.2B). Unexpectedly, we
found that the dividing and nondividing cultured cell populations clustered more closely
within an individual animal rather than by dividing vs non-dividing populations. This
indicated that differences between these populations would be more specific and targeted to
cellular functions.

4.3.2 PART II: Comparison of the transcriptomes of ex vivo cells:
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4.3.2.1  T cells vs PBMC.
We first determined the transcriptional differences between ex vivo  T cells and
PBMC (Figure 4.3), the latter of which would include other lymphocyte populations such as
CD4 and CD8  T cells, NK cells and B cells. When differential gene expression was
analyzed by mapping to the human genome, 1173 genes where significantly different (Figure
4.3A). A gene ontology map of those differentially transcribed genes is shown in Figure
4.3B. Those most significantly different were genes involved in lymphocyte activation and
immune effector processes looking at the curated list of genes it seems to be a mix of
functions that are differentially expressed between the two groups. When focused on genes
associated with immune cells and their function, we found more transcripts for CXCR4,
SOX4, RORA and ID3 in both WC1+ and WC1-  T cell populations relative to PBMC. Also,
some genes were found more highly expressed by WC1+ cells when compared to PBMC, for
example, GATA3, BLK, and RUNX2. This result was similar when we mapped to the bovine
genome and indicated that many of the same genes that had higher expression levels relative
to those in PBMC included CXCR4, and RORA (Figure A.9) and that WC1+ cells specifically
had more transcripts of BLK and ZAP70.

4.3.2.2 WC1+ vs. WC1-  T cells.
Differences in gene expression of ex vivo cells between the two major  T cell
populations in blood (i.e., WC1+ and WC1-  T cells) was then evaluated in more depth.
Others have shown that resting WC1+ cells had greater expression of ILR2 and CD44,
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associated with a more activated cell state while WC1-  T cells expressed more IL-10 and
IL-1 which could have a role in immune response regulation and mediation of inflammatory
responses [141]. We found many fewer genes that were significantly different in their
transcription levels (86 genes; Figure 4.4A) between these two  T cell subpopulations than
we had found in the comparison of both subpopulations of  T cells with PBMC.
Interestingly, we also found genes that coincided with expression differences between swine
CD2+ and CD2-  T cell subpopulations that others had recently reported and which largely
correlate with WC1- and WC1+  T cells, respectively [142]. These genes included IKZF2
and LCK being more highly expressed by swine CD2+  T cells and here by the bovine
WC1-  T cells (the corresponding subpopulation), and then PIK3AP1, TIMP1, S100A4,
SAMSN1, and ANXA1 in swine CD2-  T cells as well as bovine WC1+ cells here.

Gene ontology mapping showed that genes significantly differently expressed
between WC1- and WC1+  T cells are involved in several pathways including cell adhesion
and chemotaxis (Figure 4.4B). Genes such as L1CAM that encodes a transmembrane protein
important for cell adhesion and migration were found more highly transcribed in WC1+ cells.
Transcripts coding for EOMES and LCK were found at higher levels in WC1-  T cells and
not found in WC1+ cells (Figure 4.4C). In the WC1+  T cell population we found greater
SOX13 transcription, a transcription factor we have shown to be involved in WC1 expression
[145], and higher levels of BLK transcripts, a src family kinase that is a candidate for
phosphorylation of WC1 during signaling [65]. In Figure 4.4D we mapped the transcriptome
to the bovine genome and the only genes found to differ in expression levels were WC1 and
CD163L1 which were higher in the WC1+ cells, as expected. CD163L1 is either closely
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related to WC1 or is a WC1 variant and mis-named in the bovine genome (Figure 4.4D).
While this served as a good control for the sorting of the cell populations it did not provide us
with information needed to discern functional differences in these two subpopulations.

4.3.3 PART II: Comparison of the transcriptome of antigen-cultured cells:

4.3.3.1 Ex vivo  T cells vs. cultured  T cells.
We next evaluated differential gene expression between ex vivo WC1+  T cells with
those WC1+  T cells that had been cultured with Leptospira and found 523 genes
significantly differentially transcribed genes when mapped to the human genome (Figure
4.5A). Ontology mapping showed that those most significantly different included genes
involved in cytokine signaling, including IFN signaling, and cellular responses to stress
(Figure 4.5B). When that group was curated to include just genes of interest, ex vivo WC1+
cells were found to have more transcripts for EOMES and ZBTB16 (PLZF) than cultured
WC1+  T cells (Figure 4.5A), agreeing with previous results from qRT-PCR[146]. Cultured
WC1+  T cells had more transcripts of STAT1, STAT3, STAT5A and NFKB and various
MHC class I genes. This was consistent when samples were mapped to the bovine genome
(Figure 4.5C) but this latter mapping also revealed more CCR6 and IFNAR2 transcription
with the cultured WC1+ cell population. When the differential gene expression from mapping
to the bovine genome was put into an ontology display the most significant pathways where
response to amino acid deficiency, regulation of cell adhesion, response to
lipopolysaccharide, and cytokine signaling.
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4.3.3.2 WC1+  T cells proliferating vs. non-proliferating in antigen recall cultures.
When we evaluated the overall differences in gene transcription between WC1+  T
cells that responded to Leptospira stimulation by cell division in in vitro recall cultures and
those that did not divide, unlike what we expected WC1+ non-dividing cells closely
resembled the dividing cells with regard to their transcriptome profiles (Figure 4.2B). When
mapped to the human genome there were only 19 genes that were significantly different.
Those genes with differences in transcription levels were those related to cell division with
the exception of cathepsin W (CTSW) which is important for cytotoxic function [147] that
were higher in the dividing population (Figure 4.6B), as well as a few unknown genes that
related to functions outside of the immune system. The ontology map showed that the
difference in transcription levels were not highly significant and the pathways included coldinduced thermogenesis and muscle development which are not obviously related to immune
function. When mapped to the bovine genome, more significant transcriptional differences
were found (>100 genes) including those coding for perforin, granzyme A, CXCR6, and
CTSW being higher among dividing WC1+  T cells (Figure 4.6C). When significantly
different genes were put into an ontology map the most significant pathways were found to
be NK cell interactions, cell division, organophosphate biosynthetic process, and cytokine
signaling (Figure 4.6D). Based on this, we concluded that cultured and dividing WC1+  T
cells may have greater cytotoxic function relative to both ex vivo WC1+  T cells and nondividing cultured WC1+  T cells.

4.4 Discussion
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The goal of this study was to further our understanding of the characteristics of
bovine WC1+  T cells including their unique gene programs relative to other cell
populations in blood and to determine their distinct functional responses to antigens,
particularly to pathogens. Using RNA-Seq we were able to confirm and extend results from
previous studies of bovine  T cells [9, 141]. Those studies used the more limited RT-PCR
and SAGE techniques that have been shown to be inferior to newer next generation
sequencing (NGS) technologies [148]. Those studies were able to detect differences among
 T cell subpopulations but had less depth or a narrower focus. Here, we found there were
transcriptional differences between  T cells and all PBMC from blood were compared there
was the greatest difference and that those were associated with both how the cells are
activated and the immune effector processes. Following that, the greatest difference was
between ex vivo WC1+  T cells relative to those cultured in vitro for seven days, where
cytokine signaling was most different. The fewest differences were found between the two
major subpopulations of  T cells (WC1+ and WC1-) which differ in their tissue distribution;
those differences were focused on cell adhesion and chemotaxis. Finally, when similarly few
differences were found when comparing WC1+  T cells that had divided in recall cultures
with Leptospira and those that had but they were associated with cell division as expected
but also immune effector functions including cytokine signaling and cytotoxicity being more
highly expressed by the dividing population as well as glycolysis (Table 5).

When the transcriptome of  T cells from blood in human have been compared to 
T cells or NK cells through single cell RNA-seq they found a very similar total number of
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differentially expressed genes as we report here between  T cells compared to bulk PBMC
(400-500 for each comparison respectively) [149]. Much like for human cells, the results
here indicated the functional heterogenicity between ex vivo  T cells and PBMC was more
transcripts that indicate  T cells have a cytotoxic profile. In human single cell RNA-Seq the
 T cells were clustered most closely with cells associated with cytotoxic function, being
localized between NK and CD8 T cells, and they had a significantly higher expression of
cytotoxicity genes. Our differences included higher expression of ID3, a DNA binding
inhibitor known to be important for CD8 T cell differentiation into effector and memory T
cells, in the  T cells.

The ex vivo bovine  T cells from blood had transcripts of genes indicating different
functional lineages. This included GATA3, a transcription factor associated with Th2
differentiation and response, as well as RORA, a gene associated with type 2 innate lymphoid
cell development potentially indicating that the  T cell populations have multiple functions
or have subpopulations with distinct functions. This is consistent with what we know about
WC1+ and WC1-  T cells as they are usually found in abundance in different organs and
tissues and express different cell surface differentiation antigens including CD8 and CD2 in
addition to WC1 [58]. A study by Jutila and colleagues using SAGE [150, 151] evaluated the
transcriptome of CD8+ and CD8-  T cells, which coincide largely with WC1- and WC1+ 
T cell populations, respectively, and found that resting CD8- (WC1+)  T cells seemed to be
more readily activated with higher transcription of genes coding for IL-2R and CD44 in
comparison to resting CD8+ (WC1-)  T cells, and when activated with a mitogen the CD8(WC1+)  T cells had greater transcription of genes such as galectin-1, which is associated
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with apoptotic regulation of thymocytes and activated T cells, and BLIMP1, which is
primarily found in myeloid cells as a transcription and differentiation factor. Although we did
not see differences in transcription of these genes in our studies, we did find that generally
WC1-  T cells had more transcripts for EOMES, a transcription factor important for CD8
and NK differentiation and function, CTSW, a gene that encodes protein associated with the
membrane of natural killer and cytotoxic cells, and LCK, a src family kinase that associates
with CD4 and CD8. LCK expression in WC1-  T cells is consistent with the dichotomy of
CD8 expression on WC1- cells whereas WC1+ cells usually do not express CD8. As an
alternative to LCK, WC1+ cells express more BLK, a src family kinase that we have
implicated in WC1 signaling previously [65]. In a recent publication a group looked at the
transcriptome of porcine  T cells and found differences between CD2- and CD2+  T cells,
a distinction that has largely been made across species as equivalent to WC1+ and WC1-  T
cells, respectively [43, 58, 142]. Here we affirmed that several of those genes also have
different transcriptional levels among WC1+ and WC1-  T cells in cattle.

Similar to the subpopulations defined by WC1, in mice, research has been performed
using single cell RNA-seq that showed some  T cell subpopulations are differentiated by
expression of SCART1 a close relative of WC1 [56, 63] and that those cells are preprogrammed to become T17 cells. Another marker that differentiates  T cell
subpopulations that has been found to be important in thymic fate determination is SOX13
which has been implicated in murine  T cell development into T17 cells [145, 152]. Here
we reaffirmed that transcripts for SOX13 are found at significantly higher levels in WC1+ 
T cells. We have shown that SOX13 may specifically be important for differentiation of
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WC1.1 or WC1.2 subpopulation \in the thymus by controlling WC1 gene expression [146].
Overall, we found that ex vivo WC1+ and WC1-  T cells were the most transcriptionally
similar of any of the comparisons we made yet have key gene expression differences
consistent with their localization in different tissues[79].

Following antigen activation in the periphery, CD4  T cell undergo cell division
and differentiate to form various functional Th subsets. The differentiation is dependent upon
many factors including dwell time with antigen and the cytokine milieux and is dependent on
upregulation of key transcription factors such as GATA3 and T-bet.  T cells may differ in
fundamental ways. That is in mice, two major  T cell subpopulations are pre-programmed
in the thymus to be interleukin-17 (IL-17) or IFN producers although others are exported
from the thymus as functionally naïve and differentiate in the periphery similar to  T cells
[11, 13]. Since both appropriate functional differentiation and clonal expansion are necessary
to control infections, here we analyzed WC1+  T cells that had divided in response to
culture with antigen and those that had not divided to ascertain if they were transcriptionally
unique from one another and whether there were identifiable genes that were driving or
associated with such a response. There were 104 genes that were differentially expressed
which is similar to RNA-Seq data evaluating transcriptional differences among human Th
subsets [153]. This included genes that were expected with FOXP3, IFNG and EOMES. In
an earlier study Blumerman et al. showed that when compared to ex vivo bovine cells,
antigen-stimulated WC1+  T cells produced IFN and had increased expression of CCR5
and CXCR3 [9, 154], chemokine receptors preferentially expressed on Th1 differentiated
CD4 T cells. Together these results implied that the activated WC1+ cells may have a T1-

110

like function [155]. Although we did not find significantly more transcripts of these
chemokine receptors following culture with Leptospira here we did find more transcripts for
a number of other chemokine receptors such as CXCR5, CXCR6, and CCR8. However, we
did not detect more transcripts for IFNγ, which could be due to the bovine genome being
insufficiently annotated, that these bovine gene sequences were not able to map correctly to
the human genome due to sequence differences, that the sequencing performed here was not
deep enough to detect the cytokine transcripts or that the culture time to detect the transcripts
was too long. WC1+  T cells that had divided had more transcripts of ICOS, a protein
associated with co-stimulation and cell to cell signaling; gzmA, which is important for
cytotoxic function; and NKG7, a natural killer granule protein that has been implicated in
inflammation. Interestingly, most of these genes were only identified when the library was
mapped to the bovine genome and not the human. Stimulated WC1+  T cells have also
been shown to have increased expression of cytotoxic related factors such as Fas, FasL,
perforin, and granzyme B when compared to whole PBMC in previous studies [9, 156, 157].
We confirmed this here showing WC1+  T cells that divided had more transcription of
PFN1, GNLY, gzmA and CTSW, genes associated with cytotoxic function. These results
showing cytotoxic function are in agreement with single cell RNA-Seq studies of human 
T cells [26].

Defining activation mechanisms and functional outcomes of  T cell subpopulation
responses is important for understanding the overall role of γδ T cells in combating infectious
diseases. It is also key information if  T cell activation were to be included as part of
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vaccine constructs. This is a reasonable goal given that in many situations they develop
memory responses [79] including in cattle [73].
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Table 5 Summary of differences in gene transcription among the various cell types and
treatments.
Reference Genome
Human

Bovine

___________
Samples
compared

_________________________________ _________________________________
Pathways that
Examples of
Pathways that
Examples of
differed most
notable genes
differed most
notable genes
significantly
with significantly
significantly
with significantly
(Ontology map)
higher
(Ontology map)
higher
transcription
transcription
levels
levels
____________________________________________________________________________________
Ex vivo:
GATA3, CXCR4,
-SOX4, ID3,
• lymphocyte
SOX4, RORA, ID3
CXCR4, BLK,
activation
PBMC vs  T
WC1-12, ZAP70,
cells
• immune effector
CCL5
processes
Ex vivo  T
cells:
WC1+ vs WC1-

• cell adhesion
• chemotaxis

EOMES, LCK in
WC1-;

--

WC1, CD163L1

SOX13 and BLK in
WC1+
WC1+  T
cells:
Ex vivo vs
cultured

Cultured WC1+
 T cells:
Divided vs nondivided

• cytokine
signaling
• cellular response
to stress
• IFN signaling

EOMES, ZBTB16
(Plzf) in ex vivo;

• positive
regulation of cell
death

CTSW

•
•

STAT1, STAT3,
STAT5, NFKB,
MHC I in cultured
cells

•
•
•
•
•
•
•
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cytokine
signaling
NFB
signaling
adaptive
immune
system
IFN signaling
aerobic
glycolysis
cytokine
signaling
cell division
immune
effector
process
cell killing

NFKAB1, STAT1,
CCR6, CXCR5,
Ly9, SYK, TLR4,
CSF1

PRF1, CXCR6,
CCL4 & CCL5,
gzmaA, ICOS,
GNLY, CTSW,
NKG7 in divided
cells

Figure 4.1
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Figure 4.1 Experimental design.
(A) Samples for RNA-Seq were isolated from 5 different cell populations as shown some of
which were ex vivo while others were cultured with antigen for 7 days. (B) Ex vivo bovine
PBMC (Sample 1) were sorted based on immunofluorescent staining using anti-pan WC1
mAb (CC15-FITC), anti- TCR mAb (GB21A) with secondary -mouse-IgG2b-AF647 to
obtain WC1+ and WC1-  T cells (Sample 2 and 3). PBMC were dye loaded and put in
culture with Leptospira antigen for 7 days before flow cytometrically sorting based on the
cell division dye and anti-pan WC1 mAb (CC15-FITC) into dividing (Sample 4) and nondividing (Sample 5)  T cell populations. (C) Alignment to different types of chromosomal
regions when sequences were mapped to either the bovine genome (top) or human genome
(bottom).
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Fig. 4.2
Figure
4.2
A

B
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Animal 2 WC1+ dividing
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Ex vivo PBMC

Figure 4.2 RNA-Seq results.
(A) Pearson’s pairwise correlation of all samples sequenced. (B) Principal Component
Analysis comparing all 5 types of samples
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Figure 4.3
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RORA
TNFAIP3
BCL7A
CXCR4
SOX4
ID3
GATA3
RUNX2
BLK
CD276
TLR2
IRF5
HLA-DQB2
IRF8
HLA-DMB
CXCR5
TLR1
LYN
HLA-DRA
HLA-DQB1
HLA-DQA2
HLA-DQA1
HLA-DOB
CD79B
CD19
HLA-DMA
CCR1
TLR8
TLR4
TNFSF13
FOXP3
TGFBI
IL13RA1
CD68
TLR7
FCER1G
SYK
CD74
TLR10
HLA-DRB5

Figure 4.3 RNA-Seq results of differential transcript expression of PBMC vs. WC1+ and
WC1-  T cells.
(A) Heatmap of all genes that were significantly different between the two types of samples
when mapped to the human genome. (B) Ontology graph showing the level of significance of
gene transcription differences and pathways to which they belong. (C) A curated list of
genes from “A” above associated with immune function.
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Figure 4.4
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D
WC1-

Mapped to the Bovine genome

WC1+

CTSW
EOMES
LCK
IKZF2
CDK14
BLK
SOX13
PIK3AP1
CD163L1
L1CAM
TIMP1
CXCL12
S100A4
SAMSN1
ANXA1
CD84

Figure 4.4 RNA-Seq results of differential expression analysis of ex vivo WC1+ and WC1- 
T cells.
(A) Heatmap of all genes that were significantly different between the two types of samples
when mapped to the human genome. (B) Ontology graph showing the level of significance of
gene transcription differences and pathways to which they belong. (C) A curated list of
genes from “A” above associated with immune function. (D) Heatmap showing the genes
with significant differences in transcript when mapped to the bovine genome.
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Figure 4.5
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Figure
Fig. 4.5
4.5(continued)
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Figure 4.5 RNA-Seq results of differential expression analysis of WC1+  T cells ex vivo
and following culture.
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(A) Heatmap of all genes that were significantly different between the ex vivo WC1+  T
cells and both dividing and non-dividing WC1+  T cells following culture for 7 days with
Leptospira when mapped to the human genome. Below the arrow is the list of curated genes
of particular interest. (B) Ontology graph showing the level of significance of gene
transcription differences and pathways to which they belong using data from mapping to the
human genome. (C) Heatmap of all genes that were significantly different between the ex
vivo WC1+  T cells and both dividing and non-dividing WC1+  T cells following culture
for 7 days with Leptospira when mapped to the bovine genome. Below the arrow is the list of
curated genes of particular interest. (D) Ontology graph showing the level of significance of
gene transcription differences and pathways to which they belong using data from mapping
to the bovine genome.
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Figure 4.6
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Figure 4.6 RNA-Seq results of differential expression analysis of WC1+  T cells that had
proliferated in culture and those that did not.
(A) Heatmap of all genes that were significantly different between the two types of samples
when mapped to the human genome. (B) Ontology graph showing the level of significance of
gene transcription differences and pathways to which they belong using data from mapping
to the human genome. (C) Heatmap showing the genes with significant differences in
transcript when mapped to the bovine genome with a curated list of genes of particular
interest. (D) Ontology graph showing the level of significance of gene transcription
differences and pathways to which they belong using data from mapping to the bovine
genome.
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CHAPTER 5:
TARGETED SEQUENCING OF THE BOVINE  T CELL RECEPTOR FROM
ANTIGEN-STIMULATED RECALL RESPONSES

5.1 Introduction

 T cells have several important differences with regard to how they interact with
antigen when compared to  T cells. They do not need to react with antigen in the context
of MHC on an antigen-presenting cell and they express innate pattern recognition receptors
(PRR) giving them another potential means to interact with pathogens. One such PRR is the
TCR co-receptor known as Workshop Cluster 1 (WC1) found exclusively on a subpopulation
of  T cells. WC1 is a member of the scavenger receptor cysteine rich (SRCR) superfamily
and like other SRCR molecules has been shown to physically bind to pathogens [56, 61]. It
has been previously shown that when WC1 is knocked-down it abrogates the ability of γδ T
cells to respond to antigen [72] and while antibodies to the TCR block the ability of γδ T
cells to respond to a variety of pathogens [8, 70, 73, 91] co-crosslinking WC1 with the TCR
augments the T cell response [60]. We have recently shown by high resolution microscropy
that the TCR and WC1 co-localize following activation [140]. Together, these data
demonstrate the TCR co-receptor activity of WC1 and the need for both the TCR and WC1
to be involved in the  T cell response to pathogens [57, 60, 65, 66, 72].
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In cattle, WC1 is encoded for by 13 genes [64] with variegated expression creating
subpopulations of  T cells that express different permutations of WC1 genes [68]. Based on
the WC1 genes expressed, the resulting  T cell subpopulations respond to different
pathogens [45, 69, 70] showing the importance of these receptors for directing bovine  T
cell responses. While a great deal of work has been done evaluating the role of WC1, less is
known about the role of the TCR on WC1+  T cells in determining ligand specificity [45,
69]. Most WC1+ cells that respond to Leptospira express a WC1 that binds to leptospires but
not all cells do [78]. Similarly, not all WC1+ cells respond to Leptospira suggesting a
potential role for the TCR in directing the response, not just participating in it.

One hypothesis is that co-ligation of WC1 and the  TCR to an antigen increases a
low affinity  TCR interaction to a higher avidity interaction, leading to the sustained
signaling required for full activation of the cell. In this paradigm, WC1 is the main
determining element for pathogen recognition, with the  TCR making limited or no
contribution to the specificity of the interaction with the antigen. In this case it would be
presumed that the TCR repertoires of pathogen-specific  T cells would be representative of
the ‘naïve’ TCR repertoire rather than show any characteristics of selection. The alternative
hypothesis is that both WC1 and  TCR contribute to the specificity of interaction with the
pathogen, although the balance of these contributions may not be fixed but rather depend on
relative affinity of the specific WC1 and TCRs expressed by individual cells. Parallel
scenarios have been observed in  T cells where there is a spectrum of balance between
activation achieved through the TCR and the CD8 co-receptor; with some high affinity TCRs
not dependent on CD8 co-ligation to achieve full activation [158]. If that were the case,  T
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cells responding to pathogens would be predicted to have a restricted TCR repertoire due to
selection based on the TCR features that conferred this specificity. However, these
hypotheses are not mutually exclusive since there could be a mixture of cells with these
differing attributes.

 TCRs have a number of unique features relative to  TCRs. That is, they can
react with antigen using a single TCR chain and the CDR1, CDR2, and/or CDR3 either alone
or in combinations can contact the ligand [159, 160]. TCRδ is the dominant chain in murine
γδ T cell interactions with MHC-like or related molecules such as T22 and CD1d [33, 34]
whereas TCRγ is important for interaction with butyrophilin-like molecules [161]. In another
example of unique attributes, for some cells the  chain’s CDR1 interacts with CD1d while
the same chain’s CDR3 interacts with -GalCer loaded into the CD1d. Thus, either chain
alone and any of the CDR regions may contribute antigen-specificity to the  TCR. We have
shown previously using conventional spectratyping that there is a change from a normal
Gaussian distribution of the CDR3 lengths of the TRD transcripts to an uneven or restricted
distribution following activation of the cells with antigen in some, but not all, profiles [162].
This was especially true for TRDV3 (called TRDV4 in past publications) containing
transcripts which are a minor proportion of the TCR chains and thus could represent
stochastic variation. While the  chain of bovine  T cells could also be a determining factor
in response by WC1+  T cells it is important to note that they have a restricted TCR gene
usage, expressing only  genes from one of the six available TRG V-J-C-containing cassettes.
This contrasts with the large bovine TCR δ variable gene repertoire, it being considerably
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larger than either humans or mice [48, 53, 163], and which adds to the CDR1 and CDR2
diversity.

To provide higher resolution analysis of the bovine γδ TCR repertoires expressed by
WC1+ γδ T cells responding to Leptospira, we developed an Illumina MiSeq-based approach
enabling next-generation sequencing of the bovine TRG (TCR γ chain) and TRD (TCR δ
chain) transcriptomes. This approach was employed to provide high throughput comparative
analysis of the γδ TCR repertoires expressed by ex vivo PBMC, and Leptospira responding
and Leptospira non-responding γδ T cells as determined by proliferation following in vitro
antigen culture. Analysis of the γδ TCR repertoires present in PBMC revealed several novel
features of the bovine TRG and TRD repertoire. Comparative analysis of the TRD and TRG
repertoires expressed by the various cell populations failed to identify any definitive evidence
of TCR-based cell selection for antigen-responsive cells, suggesting that specificity for
Leptospira is predominantly conferred by WC1 expression, and/or other factors that have yet
to be elucidated.

5.2 Material and Methods

5.2.1 Blood and cells.
Bovine blood was collected from the jugular vein of cattle and mixed with heparin as
approved by the University of Massachusetts IACUC. Four Holsteins, housed in
conventional housing at the University’s South Deerfield, Massachusetts, farm had samples
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taken at 6 months of age before vaccination with the Leptospira vaccine Spirovac and then
again 2 weeks after the second dose of vaccine. Vaccine doses are given 4 weeks apart.
PBMC were isolated from blood over ficoll-hypaque gradients. Aliquots of cells where then
either used for direct extraction of RNA or used for in vitro stimulation with Leptospira
described below.

5.2.2 In vitro stimulation with Leptospira.
PBMC extracted from animals 2 weeks after immunization were dye-loaded with
efluor670 at a concentration of 5mM/2x107 cells for 10 min at 37C and then washed with
serum-containing medium at 4C. Cells were then cultured at a density of 2.5x10/^5/ml in
complete-RPMI medium (RPMI-1640 (Gibco) supplemented with 10% heat-inactivated fetal
bovine serum (Hyclone), 200 mM l-glutamine (Sigma), 5 × 10−5 M 2-mercaptoethanol
(Sigma) and 10 mg/ml gentamycin (Invitrogen)) with or without 0.01mg/ml Leptospira
antigen (sonicated whole cells of L. borgpetersenii serovar hardjo-bovis clone RZ33). After
culture for 7 days, cells were harvested and stained for indirect immunofluorescence with a
panel of primary monoclonal antibodies (mAb) against WC1 subsets: CC15-FITC (-panWC1), BAG25A (WC1.1), or CACB21A (WC1.3) and secondary isotype-specific goat antimouse IgM-PE and IgG1-PE antibodies. Cells were then subjected to flow cytometry for
analysis and cell sorting based on a combination of cell phenotype and cell division (as
determined by the dilution of the efluor670 dye) using a FACS DIVA (Becton Dickinson).
Populations of WC1+ γδ T cells that responded to Leptospira by cell division (WC1+
efluor670lo) and those that did not (WC1+/efluor670hi) were isolated by sorting and
confirmed to have purity of >95%.
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5.2.3 Library preparation.
Flow cytometrically sorted cells were put into Trizol (Invitrogen, Carlsbad, CA) and
RNA was extracted according to the manufacturer's instructions. RNA purity and
concentration were determined by Nanodrop spectrophotometry (Thermo-Fisher). Reverse
transcriptase was performed with Superscript IV (Invitrogen), using a combination of a
template switch oligo (AAG CAG TGG TAT CAA CGC AGA GTA CTC TT (ggggg); g
bases in parentheses are RNA) incorporating a primer annealing site and a Poly T oligo (TTT
TTT TTT TTT TTT TTT TTT TTT TVN), based on the protocol described in Mamedov et.
al. 2013 [128]. The oligos, dNTPs and RNA were incubated at 65C for 5 min, immediately
placed on ice, followed by addition of RT enzyme, SSIV buffer, DTT, and RNAse OUT
(Invitrogen) and incubation of the complete reaction mixture occurred at 50C for 1 hr and
then at 80C for 10 min.

Aliquots of cDNA from each sample was amplified by RACE PCR using a universal
5’ primer for the sequence incorporated in the switch oligo during cDNA synthesis (AltUPM:
GCA GTG GTA TCA ACG CAG AGT) in combination with either a TRD-specific (CTG
GCA GCA GGT TGA CTT T) or TRGC5-specific (AAT AAG TCT CCA TCA AGC CTT
CTA TC) 3’ primers. For each primer a series of primers incorporating different i5 and i7
indices and Nextera ligators/adaptors to facilitate direct loading of PCR amplicons onto an
Ilumina platform were used to allow pooling and subsequent de-multiplexing of data. The
PCR reaction mixtures were composed of: Phusion HF 5x buffer, 3%DMSO, 10mM dNTPs,
10mM of both 5’ and 3’ primers, cDNA (1.25μl/50μl reaction), Phusion Hot Start DNA
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Polymerase (1U/50μl reaction) and dH2O to final volume. Reaction conditions for both TRG
and TRD amplification included an initial denaturation period of 30s at 98 °C, 30 cycles at
98°C for 10s, 65°C for 30s, and 72°C for 30s, and a final extension period of 5 min at 72 °C.
After PCR successful amplification was confirmed using gel electrophoresis, products were
quantified using D5000 TapeStation analysis (Agilent, Stockport, UK) and normalized
quantities of DNA for the TCR amplicon pooled. Pooled amplicons were electrophoresed
and the TCR band excised and purified using a Qiagen gel extraction kit (Qiagen,
Manchester, UK) and further purified using Ampure beads (Beckman Coulter, High
Wycombe, UK) - both according to the manufacturer’s instructions. Following an evaluation
for quantity and purity by TapeStation analysis the pooled samples were submitted to
Edniburgh Genomic (University of Edinburgh, UK) for sequencing using the MiSeq v3.
Platform, with PhiX added at 10% to introduce complexity into the DNA.

5.2.4 Analysis of NGS data.
Following de-multiplexing and initial quality control and trimming [164] (Cutadapt)
processing of TCR repertoire data was completed using the MiTCR algorithm [165] with
bespoke bovine TRG and TRA/D sequence databases. The TRD database was constructed
from the TRA/D gene sequence data described by Connelley et al. [53] and the TRG
database from the data in the IMGT homepage [166] (www.IMGT.org) supplemented with
additional sequence data for TRGV11_1 and TRGJ5_2 [118, 167]. Subsequent analysis of
the TCR repertoire data used a combination of functions available through the Immunarch
[168]and VDJtools [169] packages.
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5.3 Results

5.3.1 TCR transcript repertoires of  and  chains from PBMC.
To date characterization of the bovine TRG and TRD repertoires has been conducted
using low-resolution, low-throughput approaches [162]. To enable a more comprehensive
assessment, a MiSeq-based 5’-RACE approach, similar to those that have been employed to
analyze TCR repertoires in other species including humans [170] was designed and
implemented.

Since our primary interest was in the TCR repertoires expressed by WC1+ cells, the
TRG chain protocol was designed to specifically analyze the expression of TRG genes found
in the TRGC5 cassette because these are the only genes used by WC1+  T cells in
cattle[91]. The approach was applied to provide data on the TRG/TRD repertoires expressed
within the PBMC of 4 animals (a summary of the read data is provided in Figure A.10).
Analysis of the TRG transcriptome showed that in all 4 individuals bTRGV3_2 and
bTRGV7_1 were dominant, with bTRGV3_1, TRGV4, TRGV10, and the nonfunctional gene
TRGV11 constituting a smaller proportion of the TRGC5-cassette represented genes and at
low frequencies (Figure 5.1a and Figure A.11). Of the two TRGJ genes expressed TRGJ5_1
was expressed at a higher level, although in some animals this was only marginally greater
than the levels observed for TRGJ5_2.
The TRDV repertoire utilized a much larger range of genes with a different repertoire
of TRDV expressed in the 4 individuals examined, including TRAV expression. TRDV gene
usage exhibited a hierarchical structure, with a limited number of dominant genes and a large
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number of genes expressed at only low levels in the repertoire of each individual (Figure 5.1b
and FigureA.11). Although there was variation among individuals with regard to which
TRDV genes were most dominantly transcribed, it was evident that there was a subset of
TRDV genes that were consistently over-represented in all or most of the individuals
examined (Figure 5.2 and Figure A.11). The proportion of the TRD repertoire that each
TRDV subgroup comprised was consistent between the 4 individuals studied - TRDV1 was
dominant (82.7-87.4%), TRDVb3 also made a substantial contribution (6-10.9%) but all of
the other TRDV subgroups were present at very low frequencies: TRDV2 (~0.2%), TRDV3
(0.1-0.2%) and TRDVY (0.03-0.07%). Notably, the TRD repertoire included utilization of a
number of TRAV genes. This included TRAV33, which has been well-described as a gene
expressed in TRD chains [53], and was found to represent 2%-3% of the repertoire. Other
TRAV genes included members of the TRAVx, y, and z subgroups - however these were all
represented at very small levels (total representation of other TRAV genes ranged from
0.1%-0.2%). In all 4 animals, TRDJ1 and TRDJ3 were the dominant TRDJ genes used, with
TRDJ2 under-represented.

Analysis of the CDR3 lengths coded for by the TRG and TRD transcripts showed that
both adhered to a Gaussian/near-Gaussian distribution (Figure 5.3). The TRG CDR3 regions
were predominantly between 8-18 deduced amino acids long whilst, as anticipated from
previous data [167], while the CDR3 lengths of TRD chains were longer and of a greater size
range, predominantly being between 11-32 deduced amino acids long (Figure 5.3). Analysis
of the clonality of the TRG and TRD repertoires revealed that they had fundamentally
different clonotypic structures (Figure 5.4a). The TRG repertoire in all 4 animals showed a
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relatively equitable division between clonotypes that were considered to be small, medium,
large or hyper-expanded, whereas the TRD repertoire was predominantly composed of small
clonotypes, with medium, large and hyper-expanded clonotypes constituting a much smaller
fraction of the repertoire (Figure 5.4a). This difference in composition of the TRG and TRD
repertoires was reflected in measurements using a suite of diversity indices; Chao1 values for
the TRD and TRG repertoires ranged from 60377-118686 and 7452-13826, respectively
(Figure 5.4b panel 1), the Hill diversity profile for the TRD and TRG repertoires showed
divergence for q values <4, with the TRD and TRG ranging from 21810-83830 and 682-1029
at q=1 (corresponding to the exponential Shannon-Weiner index - Figure 5.4b panel 2), and
the D50 diversity index for the TRD repertoires ranging from 10970-28334 in contrast to the
equivalent values for the TRG repertoires which were only 68-156 (Figure 4b, panel 1). This
contrast in diversity was also seen in other measures such as the Gini-Simpson index (for the
TRD this was >0.999 for all 4 repertoires characterized, whilst for the TRG repertoires the
value was between 0.979-0.987) and the Inverse-Simpson index (ranging from 1177-38401
for TRD and 47-80 for TRG repertoires). As such, by all measures utilized the TRG
repertoires were found to be substantially less diverse than the TRD repertoires characterized
from the same individuals.

Another parameter by which the expressed TRD and TRG repertoires markedly
differed was the degree by which they were classified as private or unfocused (i.e., TCR
clonotypes unique to an individual). The TRG repertoires were characterized by high levels
of overlap between the individuals (Table 6 - in pairwise comparisons the overlap in
clonotypes was ~20%) with a high number of shared (i.e., public) clonotypes (Table 7 - the
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number of shared clonotypes in pairwise comparisons ranged from 1565 to 2636). As a
consequence, classical measures of overlap such as the Jaccard index (overlap of clonotypes
without any weighting for size of clonotypes) and Morisita-Horn index (overlap of
clonotypes with weighting for clonotype size) both were high; with values of ~0.08 and
~0.94 respectively (Table 8 and 9 - for both indices a value of 0 represents no overlap and a
value of 1 represents total overlap). In particular, the Morisita-Horn values indicate a near
complete overlap of the TRG repertoires between the individuals. In contrast the values for
the overlap observed between the TRD repertoires were considerably lower - the pairwise
overlap between individuals was ~0.03% (range = 0.02-0.05%), the number of shared
clonotypes was limited (range = 12-31) and the Jaccard and Morisita-Horn indices were
~0.0001 and ~0.0005, respectively; together indicating that the TRD repertoires were largely
private. Further examination of the clonotypic sharing between the individuals showed that
1262 TRG clonotypes (based on deduced amino acid sequences of the CDR3) were identified
in all 4 individuals (data not shown). This included many of the largest clonotypes, including
TRGV3_2-CAGWDSSTWIKVF-TRGJ5_1, which was the largest in all 4 samples,
representing 8.9-13.0% of the repertoire. In contrast, only 4 of the TRD clonotypes were
identified in all 4 repertoires and these clonotypes were not the numerically dominant
clonotype in any sample (data not shown).

In summary, analysis of the TRG and TRD repertoires expressed by γδ T cells in ex
vivo PBMC showed that the TRG repertoire, which is formed from a limited number of V
and J genes, to have a high level of clonotypic stratification (and, as a consequence, reduced
diversity) and to be largely public or shared. In contrast the TRD repertoire utilizes a large
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number of V genes, has a much less stratified clonotypic structure (and consequently higher
diversity) and is largely private. These observations on the contrasting features of the TRG
and TRD repertoires were confirmed on analysis of duplicated samples from the same 4
individuals (data not shown).

5.3.2 Analysis of the TCR repertoires of Leptospira responsive and Leptospira nonresponsive WC1+  T cells.
In previous studies, we have demonstrated that a proportion of WC1+  T cells
respond to stimulation with Leptospira with characteristics of memory cells and that both
TCR and WC1 are important for the activation of the responding  T cells [8, 70, 72, 73,
91]. We have also demonstrated that WC1 physically binds to Leptospira [57, 140], however,
not all  T cells that express WC1 respond when stimulated with Leptospira (Figure 5.5).
This observation is also applicable for subpopulations of WC1+  T cells expressing the
WC1-8 gene (Figure 5.5) which has been shown to specifically bind to Leptospira [57]. This
evidence indicates that although WC1 is required, a single WC1 molecule is not sufficient to
confer the capacity of  T cells to respond to Leptospira but rather that there is also the
potential role for the  TCR in determining Leptospira specificity and subsequent cellular
response.

To investigate this further the 4 animals in the study were immunized with Leptospira
and 2 weeks after immunization PBMC were cultured in vitro with Leptospira antigen. Of
the WC1+  T cells the majority had divided at least once making up 50-80% of the WC1+
cells and 10-25% of PBMC (Figure 5.6a). Following 7 days of culture, subpopulations of
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dividing and non-dividing WC1+  T cells were isolated by flow cytometric sorting and their
TCR repertoires examined. Analysis showed that the clonotypic structure of TRG and TRD
repertoires of both the Leptospira dividing and Leptospira non-dividing populations in the
cultures were similar to those observed in the PBMC (Figure 5.6b). The TRG repertoires
were composed of roughly equal proportions of small, medium, large and hyper-expanded
clonotypes, whilst the TRD repertoires were predominantly composed of small clonotypes
with larger clonotypes still only constituting small fractions (Figure 5.6b). The fact that
larger clonotypes did not occupy a greater fraction of the repertoires in the Leptospiracultured dividing WC1+  T cells indicates that there was no large clonotypic expansions
due to selective proliferation of T cells bearing a restricted subset of TCRs that conferred
specificity for Leptopsira.

CDR3 spectratype analysis of the responding and non-responding populations
demonstrated that they still largely adhered to a Gaussian distribution in each individual.
Although, this ‘normal’ distribution was retained, it was notable that for the TRD repertoires
in the dividing T cells of Animal_3 and Animal_4 there were ‘shifts’ in CDR3 length to the
left and right to give modal CDR3 lengths of 15 and 22 deduced amino acids, respectively
(Figure 5.6c). The absence of major distortion of the CDR3 length distribution is indicative
that the dividing populations represented a broad spectrum of the initial WC1+  T cell
population and that specificity for Leptospira and subsequent proliferation was not driven by
TCRs bearing specific CDR3s.
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Analysis of the relative expression frequencies of different V-J gene permutations in
the TRD repertoires of the proliferating  T cells demonstrated apparent differences
occurred relative to the repertoires found in the ex vivo PBMC (Figure 5.7a - over- or underrepresentation identified as divergence from a diagonal line that marks equal frequency of VJ combinations in the responding populations and PBMC). However, the V-J combinations
that deviated from the line were generally observed to behave the same way in the equivalent
plot comparing representation between the non-dividing  T cells and PBMC (Figure 5.7b).
As a consequence, when comparing the representation of different V-J combinations in
Leptospira-responding and non-responding  T cells (Figure 5.7c) there was a very highlevel of correlation (0.955, p <2.2x10-16), suggesting that these changes in V-J usage were not
associated with Leptospira-specific responses. Furthermore, when comparing across the 4
individuals there was no V-J combination that was consistently over-/under-represented (e.g.,
in Figure 5.8c TRDV1au-TRDJ3 was over-represented in the non-responding  T cells in
Animal_2, under-represented in Animal_1 and Animal_3 but equally represented in the
responding and non-responding populations in Animal_4). The equivalent analysis
comparing the TRG repertoires in PBMC, responding and non-responding  T cells resulted
in similar observations (Figure A.12). Based on these data there is no clear indication that
Leptospira responses were being mediated by TCR utilizing specific combinations of either
TRD or TRG V-J genes.

This apparent lack of TCR-mediated selection for Leptospira-responsiveness during
in vitro re-stimulation with antigen was reflected in the absence of any data for convergence
of the repertoires in the Leptospira-responsive populations (as would have been anticipated
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in TCR-dependent antigen recognition). Analysis of the overlap, Jaccard and Morisita-Horn
indices showed that the degree of similarity between the Leptospira-responsive TRG
repertoires was not different from the degrees of similarity seen between Leptospiraresponsive and non-responsive populations and in comparisons across these conditions
(Figure 5.8a). For example, the Morisita-Horn indices for similarity between the Leptospiraresponsive repertoires (n=6) between the Leptospira responsive and non-responsive
populations from the same individuals (n=4) and pairwise between all of the Leptospira
responsive and non-responsive populations (n=16) were 0.9825, 0.9815 and 0.9720,
respectively. The values from the other indices supported the observation that the Leptospira
responding populations exhibited no evidence of antigen-driven TRG convergence (Figure
5.8a). This pattern was more marked in the analysis of the TRD repertoires where, for
example, the Morisita-Horn value for similarity between the Leptospira responding
repertoires (0.0018, n=6) was lower than those observed when comparing the similarity
between the Leptospira responding WC1+  T cells and the PBMC or non-responding  T
cells (0.0059 and 0.0218 for pairwise comparison between all individuals, n=16). Lack of
enhanced similarity between the TCR repertoires expressed by Leptospira responding WC1+
γδ T-cell populations is evident in the lack of clustering of these repertoires in multidimensional scale plotting of similarity index scores (Figure 5.8b).

In summary, comparative analysis of the TRG and TRD repertoires failed to identify
any characteristics of the TCR expressed by Leptospira responsive WC1+  T cells that
suggested a role for TCR in conferring antigen specificity.
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5.4 Discussion

The objective of this study was to develop a NGS approach to sequencing the bovine
TRG and TRD repertoire and then apply it to the analysis of the TCR repertoires of
Leptospira-specific WC1+ γδ T cells to determine what role γδ TCR had in conferring
antigenic-specificity. T-cell receptors are considered to be pivotal in determining the
antigen-specificity of T-cells, with somatic V(D)J recombination key to generating a highly
diverse TCR repertoire that enables individuals to respond to the potentially limitless range
of antigens to which they may be exposed. However, this concept of TCR repertoire diversity
is largely derived from analysis of αβ TCR repertoires and as yet the γδ TCR repertoire in ‘γδ
T-cell high’ species, such as cattle, have not been thoroughly characterized using high
throughput approaches.

In the initial part of this study the ‘baseline’ repertoires of TRG and TRD in bovine
PBMC were characterized. We found that the TRG repertoire had a highly stratified
structural ‘landscape’ with roughly equal representation of hyper-expanded, large, medium
and small clonotypes, and as a consequence of the large proportion of the repertoire occupied
by larger clonotypes, had a limited diversity. In addition, similarity indices demonstrated that
the TRG repertoires expressed in the 4 individuals were virtually identical, with MorisitaHorn values show that the similarity between the 4 animals ranged between 0.91-0.95 (where
a value of 1 represents complete overlap). Thus, the bovine TRG repertoire appears to be
essentially ‘public’. It was also notable that a lot of the individual hyper-expanded clonotypes
were shared by the 4 animals, including TRGV3_2-CAGWDSSTWIKVF-TRGJ5_1, which
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was the most dominant clonotypes in all 4 animals, accounting for 8.9-13.0% of the TRG
chains sequenced. The limited diversity and the associated high level of ‘publicity’, is
perhaps to be anticipated as within the TRGC5 cassette (the only TRGC cassette from which
TRG chains were sequenced) there are only 5 functional TRGV and 2 functional TRGJ
genes. In summation, the features of low diversity and high ‘public’ sharing suggest that the
TRG may functional approximate more to a conventional innate-like receptor (such as a
PRR) than to its paralogues in IGH/L and TRA/B heterodimers.

In contrast to the TRG repertoire that TRD repertoire was composed predominantly
of small clonotypes and as a consequence appeared to have high levels of diversity. For
example, the D50 index (the number of the largest clonotypes required to account for 50% of
the repertoire) for TRD ranged from 10970-28334, in contrast to the equivalent values for the
TRG repertoires which were only 68-156. This high level of diversity was accompanied by
the TRD repertoire being essentially ‘private’ with limited sharing of clonotypes between
individuals (the Morisita-Horn values for the TRD repertoires in the PBMC were 0.000140.0011). Consequently, the TRG and TRD repertoires appear to have almost diametrically
opposed characteristics, which may reflect the much greater potential to generated diversity
in the TRD chain during V(D)J recombination due to the larger number of TRDV genes [48,
171] and the capacity to utilize multiple TRD genes in the formation of the ‘junctional’
region that constitutes the CDR3.

Although the TRD repertoire was highly diverse there was a bias in the expression of
a subset of V genes. In mouse and human a number of ‘dual purpose’ TRA/DV genes are
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used in the formation of both TRA and TRD repertoires [50] . Similarly, bovine TRAV33
genes have been documented as a TRA/DV gene and in this study were found to constitute 23% of the TRD repertoire. However, the use of other TRAV genes in bovine TRD chains has
not been previously examined. In this study we demonstrate that bovine TRD chains could
use TRAV genes from aa additional 17 subgroups (TRAV3, 8, 9, 14, 19, 22, 23, 24, 25, 26,
28, 29, 33, 36, 38, 41, X and Y), which between them include the majority of the functional
TRAV genes (121/162 - 74.7%). However, the combined total of the TRD repertoire that
these TRAV genes represented was only ~0.1-0.2%. At such low frequency it is questionable
if, with the exception of TRAV33, the integration of TRAV genes into the TRD repertoire is
functionally relevant, or if it instead represents aberrant recombination due to the co-location
of the TRA and TRD genes within the same locus. Our data also provides the first high
resolution quantification of the relative expression of the different TRDV subgroups, and of
the members of the massively expanded TRDV1 subgroup. The proportion of the TRD
repertoire that each TRDV subgroup was consistent between the 4 individuals studied. In
addition, although there is a minimum of 60 TRDV1 genes, >50% of the TRD repertoire in
all 4 individuals were accounted for by the same 9 TRDV1 genes (TRDV1af, ai, am, as, au,
bb, e and w). This suggest that, although there is a large potential library of V genes available
for TRD recombination giving a strong bias for a limited number of CDR1 and CDR2
regions. In contrast the CDR3 is genuinely diverse; for example, in Animal_1 of the 60,068
CDR3s sequenced, 58,326 are unique at the amino acid level. Given that the relative
importance of the different CDRs in the TRD chains in interacting with antigens is highly
variable [34, 172] it is therefore conceivable that the TRD acts a ‘hybrid’ receptor - with a
biased representation of a limited number of CDR1 and CDR2 sequences enabling it to
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function as a relative conserved ‘innate-like’ receptor, whilst the highly diverse CDR3 has
the capacity to confer a more typically antigen-specific receptor specificity.

.

In the analysis of the TRG and TRD repertoires of Leptospira responding and non-

responding populations no signature that suggested a TCR mediated selection could be
identified. There was no signal of preferential usage of specific V-J permutations in
responding populations compared to non-responding γδ T cell populations, no evidence of
differential expansion of a subset of T cells that altered the clonotypic structure of the γδ T
cells and no evidence of convergence of the TRG or TRD repertoire due to selection of T
cells bearing TCR with specific features. The model of in vitro stimulation of γδ T cells from
Leptospira-immunized individuals is well established [73, 75, 76] and the ability to isolate
proliferating and non-proliferating populations by FACS offers an effective way to ensure
that there is effective isolation of the responding and non-responding populations. As such
there can be high confidence that the TRG/TRD repertoires described herein do accurately
reflect those of Leptospira specific and non-specific γδ T cell populations. In a previous
study using conventional CDR3 spectratyping analysis, γδ T cells expressing TRDV4 (here
this gene is assigned as TRDV3a) were found to have a normal Gaussian distribution in
PBMC, but a distorted spectratype profile in the Leptospira-specific γδ T cells of some
individuals [162]. We didn’t find this to occur in the animals included in this study - instead
we found the CDR3 spectratype profiles of TRDV3a-expressing TRD chains in both PBMC
and Leptospira responding cells to be variable and generally not adherent to a normal
distribution (data not shown). This may be attributable to the low frequency of TRDV3aexpression in the TRD repertoire - leading to a high degree of stochastic variation in the

144

spectratype profiles. Regardless, the inconsistency in the profiles of TRDV4-spectratypes,
combined with its low frequency suggests that these changes may not be a substantial factor
in the Leptospira-specific γδ T cell response. In other respects, the conclusion from this study
that there is no signature of TCR selection in the Leptospira-specific γδ T cell response is
consistent with the data in Herzig et al. 2015 [162] and by using high throughput sequencing
analysis both the TRG and TRD repertoires of Leptospira-specific γδ T cells we have
provided more definitive evidence that this specificity is not mediated by TCR.

Mechanisms of antigen recognition by γδ T cells remain poorly defined but are
known to be heterogeneous and depending on the specific TCR-antigen interaction being
considered. In contrast to αβ TCR, γδ TCR ligand recognition has some fundamental
differences including: (i) γδ TCR binds antigen in a manner similar to the B cell receptor
(BCR) or antibody and can bind directly to unprocessed native antigens [173]; (ii) the
antigens/ligands recognized by γδ TCR are not necessarily peptides or even proteins [34];
(iii) γδ T cells may use both pattern recognition receptors (PRR) and TCR to interact with the
same ligand/antigen either simultaneously or sequentially [174] ; and (iv) the less variable
germline encoded CDR1 and CDR2 regions as well as in the highly variable recombination
junction-encoded CDR3 regions can be involved in contact with the antigen [34, 172]. For
example, γδ TCR interaction with MICA (a nonpolymorphic MHC-related molecule) is
predicted to involve contacts by the less variable TCR δ germline-encoded V region CDR1
and CDR2 [174] and mutational analysis of the human Vγ2Vδ2 (aka Vγ9Vδ2) TCR reveals
that binding of the prenyl pyrophosphate-altered self-molecules is primarily mediated by the
amino acids in the less variable germline-encoded CDR1 and CDR2 [10]. In contrast, γδ
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TCR interaction with the MHC-related molecule T22 is mediated solely through the amino
acid side chains of the variable TCR δ CDR3 contact [33, 172]. Other models have shown
that a germline encoded portion of the gamma chain can ligate with innate molecules like
butryophilin while the delta chain is still able to interact with pathogen [161].

Thus, by using only one chain of the γδ TCR or by preferentially employing
germline-encoded sequence, γδ TCR can reduce the diversity of their targets and act more
like PRR, rather than imitating the exquisitely specific αβ TCR or antibodies. The data
presented in this study suggests that γδ TCR is acting like a PRR in the γδ T cell response to
Leptospira; previous data has shown that expression of a γδ TCR is critical [73] for
Leptospira responsiveness but the sequence of the TRG and TRD chains expressed appears
to be of no functional significance. Thus, the factors that define the capacity of bovine γδ T
cells to respond to Leptospira are still to be elucidated. Previous evidence confirms that cocross linking of WC1 and TCR is required to activate γδ T cells, as WC1 alone can’t result in
activation [72]. Not all WC1 molecules bind Leptospira [57] and it is known that expression
of certain WC1 proteins influences whether a cell is activated and divides in response to this
pathogen [45]. Because γδ T cells can have variegated gene expression of WC1 with up to 6
WC1 molecules expressed by a single γδ T cell [78], it is possible that Leptospira specificity
may be associated with the combinations of WC1 proteins expressed - with perhaps the
expression of multiple Leptospira-binding WC1 molecules required to surpass an activation
threshold [73]. Single cell sequencing with targeted sequencing of the combined WC1 and γδ
TCR may be beneficial in the future to provide an even higher level of resolution that may
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explain how the expression of these complex set of molecules act to regulate recognition of
Leptospira.
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Table 6 Overlap

Animal_1

0.22
0.0002
0.0003
0.0002

0.0003
0.0005
TRD
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Animal_3

0.18
0.21
0.0003

Animal_4

0.17
0.21
0.18

TRG

Animal_1
Animal_2
Animal_3
Animal_4

Animal_2

Table 7 Number of shared Clonotypes

Animal_1

2312
13
20
12

19
31
TRD
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Animal_3

Animal_4

1959
2636
18

1565
1895
1632

TRG

Animal_1
Animal_2
Animal_3
Animal_4

Animal_2

Table 8 Jaccard Index

Animal_1

0.088
0.00007
0.00016
0.00009

0.0001
0.0002
TRD

150

Animal_3

0.093
0.096
0.0002

Animal_4

0.086
0.075
0.082

TRG

Animal_1
Animal_2
Animal_3
Animal_4

Animal_2

Table 9 Morisita-Horn Index

Animal_1

0.95
0.0009
0.0005
0.0005

0.0001
0.0011
TRD
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Animal_3

0.95
0.94
0.0008

Animal_4

0.95
0.91
0.93

TRG

Animal_1
Animal_2
Animal_3
Animal_4

Animal_2

Figure 5.1

A

Animal 2
Animal 1

Animal 3
Animal 4

Animal 2
Animal 1

B
Animal 3
Animal 4
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Figure 5.1 Circos plot representation of V and J gene usage in the TRD and TRG repertoires
expressed in PBMC.
(A) TRGV and TRGJ utilization in the expressed TRG repertoire. (B) TRDV and TRDJ
utilization in the expressed TRD repertoire. To enable visualization of the data presented in
these plots data from only 2 individuals for the TRG and TRD repertoires is shown
(Animal_1 and Animal_2). Data from all 4 animals is shown in Figure A.11A. All plots were
generated using the PlotFancyVJUsage function in the VDJtools package.
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Fig. 2
Figure 5.2

TRDV1af
TRDV1ai

Animal_3

Animal_4

Animal_1

Animal_2

TRDV1w
TRDV1au

Figure 5.2 Heat-map representation of TRDV gene usage in the TRD repertoires expressed in
the PBMC of 4 animals.
Although there is variation between individuals in the hierarchy of different TRDV gene
usage, a subset of TRDV genes appears to be consistently over-represented in the repertoire
including TRDV1w, TRDV1au, TRDV1af and TRDV1ai, as shown. The heat-map was
generated using the CalcSegmentUsage function in the VDJtools package. For clarity, only
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specific genes have been labeled in this figure; a version of the same image with all of the
TRDV/AV genes labeled is provided in Figure A.11B
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Figure
Fig. 35.3

Figure 5.3 CDR3 virtual spectratype profiles of TRD and TRG repertoires identified in
PBMC from 4 individuals.
The CDR3 length is shown (in deduced amino acids) and the x-axis and the y-axis represent
the number of clonotypes with CDR3 of each length. Each panel shows the data from 4
individuals as detailed in the legend.
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Figure
Fig. 45.4

A

B

C

Figure 5.4 Clonotypic structure and diversity of TRG and TRG repertoires in PBMC.
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A) The clonotypic structure of the expressed TRG and TRD repertoires as described by the
proportion composed of small, medium, large and hyper-expanded clonotypes in the 4
individuals included in this study is shown. B) Diversity of the expressed TRG and TRD
repertoires as described by (B.1) Chao1 values, (B.2) Hill’s Numbers - for q = 1 the values
for the TRD repertoires are all >20,000, whereas the equivalent values for the TRG
repertoires are >200 and (B.3) D50 values. For each of the diversity parameters measured
higher values represent a more diverse TCR repertoire.
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WC1.1

A

PE-secondary

Figure 5.5

WC1.3

Pan-WC1

Efluor 670 division dye

Efluor 670 division dye

B
Percent of lymphocytes dividing

45%
40%
35%
30%
25%
20%
15%
10%
5%
0%
WC1.1+

WC1.3+

pan-WC1+

Figure 5.5 Demonstration that not all WC1 cells respond to Leptospira.
WC1+ subpopulations of  T cells response to Leptospira in in vitro recall cultures. Bovine
PBMC from vaccinated animals were dye-loaded with efluor670 dye and cultured with
Leptospira sonicate antigen for 7 days then stained with mAbs as follows: anti-WC1.1
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(BAG25A), anti-WC1.3 (CACT21a), and anti-pan WC1 (CC15-FITC). (A) Representative
flow cytometry graph, (B) mean of gated dividing cells of the indicated positive populations
from 4 animals.
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Figure 5.6

Fig. 6

% of WC1+

% of PBMC

A

B

Relative Abundance

40%

TRG

30%
20%
10%
0%
TRD

90%
60%
30%
0%
Small
(0 - 0.01%)

Medium
(0.01% - 0.1%)

Large
Hyper-expanded
(0.1% - 1%)
(1% - 100%)

C
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Figure 5.6 Clonotypic structure and diversity of TRG and TRG repertoires in PBMC,
Leptospira dividing (i.e., responding) and Leptospira non-dividing (i.e., non-responding)
WC1+ γδ T cells.
A) Flow cytometric sorting strategy of WC1+  T cells that were dividing or non-dividing.
The precentages shown are means from the 4 animals. B) The clonotypic structure of the
expressed TRG (upper panel) and TRD repertoires (lower panel) as described by the
proportion composed of small, medium, large and hyper-expanded clonotypes in the 4
individuals included in this study is shown. C) The CDR3 length is shown (in deduced amino
acids) and the x-axis and the y-axis represent the number of clonotypes with CDR3 of each
length. Each panel shows the data from 4 individuals as detailed in the legend.

162

Fig. 7
Figure 5.7
B
Non-responding - Relative
abundance

Responding - Relative
abundance

A
0.86, p < 2.2x10-16

PBMC - Relative abundance

0.88, p < 2.2x10-16

PBMC - Relative abundance

Non-responding - Relative
abundance

C
0.95, p < 2.2x10-16

Figure 5.7 Relative frequency of different V-J combinations in the TRD repertoires
expressed in PBMC, Leptospira-responding and Leptospira-non-responding populations
from 4 different animals.
The relative abundance of reads for TRD chains using different V-J combinations is shown
on the X and Y axes. The diagonal lines represent equal representation in the two conditions
being compared (i.e., they have a x,y intercept at 0,0 and a slope of 1); deviation from these
lines reflect discrepancy in the representation of V-J combinations between the compared
conditions. Comparison of TRD repertoires expressed in A) PBMC and Leptospira
responding γδ T cells, B) PBMC and Leptospira non-responding γδ T cells and C)
Leptospira responding and non-responding γδ T cells. The correlation co-efficient and p-
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value of the correlation value are shown for each comparison. Each point on the graph is
color-coded to individual animals according to the legend shown.
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Figure 5.8

Fig. 8

A

Index value

Figure 5.8 Similarity of TRG and TRD repertoires expressed in PBMC, and in Leptospira
responding and non-responding populations.
A) The values of overlap, Jaccard and Morisita-Horn indices calculated for the similarity
between the TCR repertoires expressed by these populations are shown for TRG (upper
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panel) and TRD (lower panel). Comparisons between conditions that are suffixed with ‘auto’
refer to comparison between the repertoires from the same individual (n=4) and those
suffixed with ‘all’ refer to all pairwise comparisons among the 4 animals in the study (n=16).
B) Multi-dimensional scaling of the Jaccard index values for comparison of the TRD
repertoires. Lack of clustering of the TRD repertoires for Leptospira responding γδ T cell
populations indicate an absence of selection for TRD sequences in the Leptospira-specific
responses. Similar MDS profiles were obtained using the other indices for both the TRD and
TRG repertoires.

166

CHAPTER 6
CONCLUSIONS AND FUTURE PROSPECTIVES

5.1 Conclusions

5.1.1WC1 interaction with TCR
Here we have shown that upon activation with Leptospira WC1 and the γδ TCR come
together on the cell surface at the time of peak division and are closely physically interacting
as shown by the FRET experiments (Chapter 2). Considering that WC1+ γδ T cells have
restricted set of TCR γ genes for expression we hypothesized that the γ chain in particular is
interacting with WC1 with the potential candidates of contact being either the C gene from
the TRGC5 cassette or a germline encoded portion of one of the V genes from within that
cassette. Conservation of the TRGC5 cassette among species with WC1-expressing  T cells
(Chapter 3) led us to postulate that the constant gene/region was the best candidate although
in mice it has been shown that co-stimulatory molecules (butyrophilin-like molecules)
physically interact with the V region of the TCR γ chain in what is referred to as the HV4
region [161]. One or more V genes, which were also found to be conserved among species
with WC1-expressing  T cells, within the TRGC5 cassette could have a similar kind of
motif as that of HV4 that binds to WC1. Certain parts of the TCR are known to be important
for what is referred to as a zippering event between the TCR/CD3 complex and CD8 [136,
175]. Part of the TCR chain known as the connecting peptide motif (CPM) has been shown
to be especially important for this zippering. The CPM happens to be the portion of the
TRGC5 gene that is different in comparison to the other 5 constant genes of cattle, having a
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truncated form of this motif. And, thus, our hypothesis was plausible. While largely in other
species we found results that conformed to our hypothesis that WC1 expressing species have
TRGC5 restriction, pig WC1+  T cells did not have strict restriction to TRGC1, their
TRGC5 homologue. We think this could be due to WC1 expressing cells that express a TCR
from another cassette having a TCR that has high affinity for antigen.
It was unclear which part of WC1 would be interacting with TCR. We know that
although WC1 is stably expressed it has been found as multiple different forms of splice
variants of the extracellular domains [64] adding another layer of complexity when thinking
about WC1 expression. In all splice variants found we have noted that the domain D’ is
found in all forms sequenced and thus appears to be consistently expressed by all WC1
variants. The D’ domain is the most cell membrane proximal domain of WC1 and has also
been found consistently in WC1 molecules in other species as well [67].
Clustering and interaction of WC1 and TCR was something we had initially
envisioned to be part of an immune synapse but because this physical interaction happens so
much later in culture and does not meet other requirements of an immune synapse, we were
unable to conclude this. Something else to consider is also the role of phosphorylation and
endocytosis of WC1 molecules during activation and what role that has on division during
these times points. We know endocytosis of WC1 occurs after activation with PMA and that
when dileucine motifs are mutated and endocytosis is blocked this increases cell
activation[66]. What is unclear is when during Leptospira cultures this is occurring and if
endocytosis is being used as a mechanism to slow down T cell response to pathogen.
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5.1.2 WC1+ cells during development
It has been well described in mice how γδ T cells develop into innate-like IFNγ T1
or IL-17 T17 producers, or into adaptive-like cells needing activation and functional
differentiation in the periphery [13]. We do not know if this is comparable to how WC1+ γδ
T cells develop in the thymus or if expression of WC1 can be used to differentiate an innatelike  T cells from an adaptive-like γδ T cell. We did however show that when compared to
WC1- γδ T cells, WC1+ γδ T cells had substantially and significantly more transcripts of
SOX13 which is a transcription factor known to influence thymic development of γδ T cells
[145] (Chapter 4). This indicates that SOX13 may be important for WC1+ γδ T cell specific
development.
Also, another question that has yet to be addressed is whether cytotoxic γδ T cells are
preprogrammed in the thymus or whether all subpopulations of γδ T cells are capable of
cytotoxic functions. This also goes back to the idea of heterogenicity among WC1+ γδ T
cells. We showed that WC1+ cells that were dividing in response to Leptospira culture had
more transcripts for pfn-1, gnly, and ctsw (Chapter 4). But it is unclear if all dividing γδ T
cells have cytotoxic potential or if that is just a proportion of the dividing cells. What would
be interesting to see is whether the cells that divide first at day 3 of culture are first
responders and part of the innate-like  T cell lineages and to characterize them either by
analysis of their unique transcriptome or their unique TCR expression.

5.1.3 Temporal Leptospira response
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In Chapter 2 we showed that at the point of first cell division, CD3 and TCR
complexes colocalize together but that WC1 and TCR do not colocalize until day 7. This
would imply that WC1 TCR co-ligation either is not needed by cells that are first dividing,
which could be due to TCR affinity for antigen, or our methods were not able to detect this
interaction in so few cells since they would represent a very small proportion of PBMC.
Later in culture at day 7 there is colocalization of WC1 and TCR which could indicate cells
that divide at this time could be the ones that need WC1 co-stimulation due to low TCR
affinity for antigen. Although we looked at TCR repertoires of dividing cells, this was
analyzing all WC1+ dividing γδ T cells at day 7 which could include cells with a range of
TCR affinity. Also, there is the possibility that long cultures could cause constant
restimulation of these cells. WC1 binds Leptospira within hours also leaving the question
open: What happens in the time between WC1 recognition of Leptospira and when WC1+ γδ
cells begin to divide?
Overall, WC1 and γδ TCR are both important for pathogen responses and both play a
role in activation of γδ T cells. WC1 is an ideal transmembrane receptor for the γδ T cell in
that it assists in bridging an innate and adaptive immune response just as that which has been
described for γδ T cells in general since their discovery 30+ years ago. By understanding the
biology of these cells, not just in cattle but many other important species, we wish to
illuminate possible avenues of incorporation of their activation in vaccine constructs
particularly utilizing their response against zoonotic diseases.
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APPENDICES
Figure A.1

Figure A.1 WC1 and TCR crosslinking with mAbs.
Bovine PBMC cultured for 4 days with indicated antibody combinations and evaluated for 3h
Thymidine incorporation. Each condition was set-up in triplicate wells. The results are
expressed as the mean + SEM of 3 readings.
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Figure A.2

Figure A.2 Association of cell surface molecules with lipid rafts.
AMNIS imaging flow cytometry of bovine PBMC either ex vivo or stimulated with
Leptospira sonicate for 7 days. Stained with mAb CC15 with IgG2a-AF647, or mAb GB21a
with IgG2b-AF647 and Lipid raft marker Cholera Toxin B. Representative of 2 experiments.
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Figure A.3

Figure A.3 Control of secondary antibody staining alone.
AMNIS imaging flow cytometry of ex vivo PBMC from cattle stained with the indicated
secondary Ab alone (IgG-PE, IgG2b-AF647, or IgG2a-pe). Lines indicate gating placed
based lowest possible fluorescence in staining controls with all lasers on. Pictures of cells
that had a higher MFI above gating line are indicated and shown.
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Figure A.4

Figure A.4 STORM of resting WC1.1+/WC1.3+ cells.
Ex vivo PBMC were stained with anti-WC1.1 mAb (BAG25A) with anti-IgM-647
secondaryAb and anti-WC1-8 (i.e., WC1.3, mAb CACT21A) with anti-IgG1-AF488
secondary Ab. Cells were then sorted for double positive cells and imaged with STORM.

174

Figure A.5

Figure A.5  T cells stimulation by intact bacteria.
(A) Ex vivo PBMC were dye loaded with efluor670 dye to track cell divisions and then
cultured for 7 days with either 0.08 mg/ml sonicated Leptospira or 5 x 105/ml fixed intact
Leptospira bacteria. PBMC were stained by indirect immunofluorescence with anti-TCR
mAb with anti-IgG2b-PE secondary Ab after 7 days and analyzed by flow cytometry.
Percentage of dividing TCR+ cells are shown in the boxes. (B) Leptospira interrogans
serovar Hardjo bacteria were biotinylated and stained with streptavidin-AF488 and imaged
with STORM.
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Figure A.6
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Figure A.6 Deduced amino acid alignment of caprine and bovineTRGC5 cassette’s genes.
(A) Deduced amino acid sequence alignment of genes in the bovine and caprine TRGC5
cassette using ClustalW. Dashes (-) are gaps introduced for maximal alignment. Dots (.)
represent the same nucleotide as shown for the first sequence. A prefix of c indicates caprine
while b indicates bovine sequences. (B) Location of the caprine and bovine TRG genes at
two loci on chromosome 4 (substantial gap indicated as a double slash). The caprine TRG1
locus is inverted. Although the structures are similar between the species it is notable that
there are several duplication or deletion events including the addition of the C8 cassette in
the caprine TRG2 locus. Pseudogenes are indicated by φ.
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Figure A.7

Figure A.7 TCR γ genes of caprine and bovine aligned.
Deduced amino acid sequence alignment using ClustalW of bovine and caprine TCR genes.
(A) TRGV, and (B) TRGC. Dashes (-) are gaps introduced for preferred alignment. Periods
(.) represent the same nucleotide as shown for the first sequence.
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Figure A.8
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Figure A.8 (continued)
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Figure A.8 Ligand of mAb CC101 investigated with porcine and bovine PBMC.
(A) Flow cytometry of porcine PBMC gated on lymphocytes based on forward (FSC) and
side scatter (SSC) and stained with mAb B37C10-AF647 (SWC5) and mAb PGLB22A (TCR) with secondary IgG1-FITC antibody and mAb CC101 with secondary IgG2a-PE
antibody. (B) Flow cytometry of bovine PBMC gated on lymphocytes and stained with the
following combinations shown left to right: mAb GB21A (-TCR) with secondary IgG2bAF647 and mAb CC15-FITC (pan-WC1), mAb CC101 with secondary IgG2a-PE, mAb
CC15-FITC (pan-WC1), mAb CC101 with secondary IgG2a-PE mAb, mAb GB21A (TCR) with secondary IgG2b-AF647, and mAb LND68A (CD163) with secondary
IgG1-AF647, mAb CC101 with secondary IgG2a-PE mAb. (C) Flow cytometry of bovine
PBMC gated on lymphocytes and monocytes based on size and stained with mAb CC101
with secondary IgG2a-PE, mAb CC15-FITC (pan-WC1), or mAb LND68A (CD163)
with secondary IgG1-AF647. MAb reactive positive populations where then back-gated to
show side scatter (SSC) and forward scatter (FSC).
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Figure A.9
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Figure A.9 RNA-Seq results of differential expression analysis of WC1+  T cells that had
proliferated in culture and those that did not.
(A) Heatmap of all genes that were significantly different between the two types of samples
when mapped to the bovine genome. (B) Heatmap showing the genes with significant
differences in transcript when mapped to the bovine genome with a curated list of genes of
particular interest.
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Figure A.10 Summary of the read data generated for this study.
Summary statistics for the 32 samples examined in this study. For each sample: (i) Animal
(column A); (ii) condition (B); (iii) TCR chain (C); (iv) number of raw reads (D); (v) number
of trimmed reads (E); (vi) percentage of raw reads that passed trimming thresholds (F); (vii)
number of sequences aligned successfully by MiXCR (G); (viii) percentage of reads
successfully aligned (H); (ix) number of reads used to form clonotypes (I); (x) percentage of
reads used to form clonotypes (J); (xi) the total number of clonotypes (K); and (xii) the
number of functional clonotypes (L) are detailed.
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Figure A.11 High resolution figures to complement data presented in Figures 2 and 3.
A) Circos plot representation of V and J gene usage in the TRD and TRG repertoires
expressed in PBMC from all 4 individuals used in this study. All plots were generated using
the PlotFancyVJUsage function in the VDJtools package. B) Heatmap for TRDV gene usage
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in all 4 individuals with all TRDV genes labeled. The heat-map was generated using the
CalcSegmentUsage function in the VDJtools package.
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A

B

0.86, p= 5.37x10-15

C
0.98, p < 2.2x10-16

0.86, p= 3.66x10-15

Supplementary Data 3 – Relative frequency of different V-J
combinations in the TRG repertoires expressed in PBMC, Leptospiraresponding and Leptospira-non-responding non populations in 4
different animals. The diagonal lines represent equal representation
between the two conditions being compared (i.e. have a x,y
intercept at 0,0 and a slope of 1). Deviation from these lines reflect
discrepancy in the representation of V-J combinations between the
conditions being compared. Comparison of TRG repertoires
expressed in A) PBMC and Leptospira responding γδ T-cells, B) PBMC
and Leptospira non-responding γδ T-cells and C) Leptospira
responding and non-responding γδ T-cells. The correlation coefficient and p-value of the correlation value are shown for each
comparison

Figure A.12 Relative frequency of different V-J combinations in the TRG repertoires
expressed in PBMC, Leptospira-responding and Leptospira-non-responding populations in 4
different animals.
The relative abundance of reads for TRG chains using different V-J combinations are shown
on the X and Y axes. The diagonal lines represent equal representation in the two conditions
being compared (i.e., have a x,y intercept at 0,0 and a slope of 1); deviation from these lines
reflect discrepancy in the representation of V-J combinations between the compared
conditions. Comparison of TRD repertoires expressed in A) PBMC and Leptospira
responding γδ T cells, B) PBMC and Leptospira non-responding γδ T cells and C)
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Leptospira responding and non-responding γδ T cells. The correlation co-efficient and pvalue of the correlation value are shown for each comparison. Each point on the graph is
color-coded to individual animals according to the legend shown.
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